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PREFACE
The Third Colloquium of the European Pineal Study Group (EPSG) was held at the 
University Medical School Pécs, 13-16 August, 1984.
Subsequent to the successful past colloquia of our society (Amsterdam, 1978; 
Giessen, 1981) this was the first occasion where EPSG, a primarily European scientific 
association opened the doors for pinealogists from all over the world. It was a great 
privilege for Hungary, especially our University, to act as hosts to this meeting.
This volume follows the structure of the previous proceedings: only the papers of 
invited speakers are included. Unfortunately, the publication (or even the abbreviated 
version) of the 47 short oral communications and of the 46 poster presentations would 
have greatly exceeded the scope of this volume.
The morphology, physiology, biochemistry and endocrinology of the gland, as well 
as practical applications of these results, have been collated in this book, encompassing 
a wide range of the most significant latest trends in pineal research. It is hoped that this 
volume will help promote future research in this field.
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Current State of Pineal Research
B. Mess, Cs, Rúzsás, L. Tima and P. Révet (eds)
T H E  P A S T  S E V E N  Y E A R S  OF  T H E  E U R O P E A N  P I N E A L  
S T U D Y  G R O U P
J. ARIÉNS KAPPERS
Houtweg 13, NL-1251 CS Laren, N.H., The Netherlands
One may wonder whether a paper on the history of our EPSG 
is at all opportune after such a relatively short time of its 
existence. I can think of two reasons why I have been asked to 
deliver this speech. One is that I stood at its cradle, the 
other that, either consciously or unconsciously, seven is a 
symbolic or magic number in the mind of many. In Christianity, 
for instance, seven is one of the most frequently mentioned 
numbers throughout the Bible (1,2). According to the chapter 
Genesis God finished the creation of the world in six days 
taking some rest after this exacting job on the seventh day 
which is the reason why, according to the Mosaic laws, the last 
day of the week, a Saturday, is a day of rest and reflection 
(Lev. 23/3). In the seventh month after the big flood or deluge 
Noah's ark ran ashore on mount Ararat. The tale about the seven 
fat years which were followed by seven lean years is also very 
well known. We can only hope that this does not apply to the 
EPSG. In general, seven is the number of charity and grace. In 
the Bible reference is also made to the sevenfold gifts of the 
Holy Spirit, the seven deadly sins, and the seven joys and sev­
en sorrows of Mary, the mother of Jesus. In the revelation of 
St. John the number seven frequently appears. However, not only 
in Christianity but also in many other religions, beliefs and 
fairy-tales the number seven plays an important role. Of inter­
est from the viewpoint of a pinealogist is that, according to 
ancient Hindu belief, the human being has seven chakra's or 
centres of vital energy at his disposal. The supreme chakra, 
the sahasrara chakra, is located on the crown of the head. It 
was and by some is still held to be related to the pineal or­
gan. In an earlier paper (3) the function ascribed to this 
chakra has been mentioned by me.
But let us now proceed to a different kind of reality, i.e. 
the history of the EPSG. It all started with the suggestion, 
made by Dr. Pévet to me in the autumn of 1976, to establish an 
association of scientists working in the field of pinealogy, a 
term which was only shaped later and which I prefer to the 
rather tongue-braking term pinealology. At first I was in doubt 
whether such a plan would have any sense, the number of scien­
tific associations being already so very large, while, more­
over, pineal research can be considered a special branch of
4different disciplines of the natural sciences. I have also al­
ways had a dislike of scientific societies which can be sus­
pected to have been founded due to the personal ambition of 
some people only cleverly distinguished by the most noble in­
tentions. Considering , however, that cooperation and mutual 
support of workers in this rapidly expanding field could pos­
sibly be useful I agreed. In November 1976 we sent a letter to 
all European scientists, known to us to be working on or to 
have shown interest in the pineal organ, in order to ascertain 
whether they would support the foundation of a European Pineal 
Study Group explaining its purpose and advantages. We received 
many positive reactions and, in consequence, the foundation of 
the EPSG was officially announced and the election of a Council 
organized in a second letter, dated January 17, 1977. All
pinealogists who had shown interest by returning their applica­
tion form for membership were considered founder members and 
formed the electorate. In March 1977, Drs Collin, Ebels, Marti­
ni, Mess, Moszkowska, Nir, Oksche, Pévet, Vollrath and I were 
elected Council members out of 49 candidates by postal ballot, 
these Council members representing 6 European countries in­
cluding Israel. In May of the same year this first Council nom­
inated a Board in which Oksche acted ad vice-president, Pévet 
as secretary-1reasurer and I as president.
The first meeting of the Council was held in Jerusalem on 
November 15, 1977, during an International Symposium on the
Pineal Gland which was not organized by the EPSG. The Council 
approved of the statutes and by-laws for the EPSG which I had 
framed using those of the International Society of Developmen­
tal Biologists. According to democratic principles they were 
submitted for final adoption to all members of the Group at the 
first general assembly during the first colloquium of the EPSG, 
held in Amsterdam in November 1978. In January 1978, no less 
than 182 pinealogists from all over Europe were listed as ac­
tive members. It is, perhaps, of historical interest to refer 
to some of the main articles of the statutes. It was stated 
that the EPSG is a scientific association aiming at the promo­
tion of pineal research in its broadest sense, i.a. by period­
ically distributing a Newsletter, to be used as a channel of 
communication, and by organizing symposia and colloquia. Under 
symposia meetings were understood pertaining to a special field 
of pineal research to be organized by the Board on request of 
20 active members and to be held at irregular intervals. To my 
knowledge such uni discip1inary symposia have never been real­
ized although some small interdisciplinary meetings were local­
ly organized. Furthermore, the statutes state that every three 
years international colloquia pertaining to all fields of pin­
eal research shall be organized by the Board and the chairman 
of the local committee. A general assembly of the members will 
have to be held once every three years during such a colloqui­
um. This assembly shall, on recommendation by the then sitting 
Board, elect a new Board from the members of a new Council, 
some months before nominated by postal ballot by all members. 
Furthermore, the statutes explicitly stipulate that the EPSG 
will endeavour to cooperate with any similar group founded out­
side Europe. In a number of articles the different categories 
of members — active, emeritus, supporting and honorary members —
5were enumerated and their rights defined.
The first colloquium was held in Amsterdam from November 
20 to 24 in 1978. It gave the 95 participants a good opportu­
nity to learn what was going on in pineal research in Europe.
18 Major lectures and 44 short communications were delivered, 
their scientific level being very satisfactory. Much time was 
also devoted to discussion. The general assembly held during 
this colloquium approved of the statutes and by-laws elaborated 
by the provisory Council in 1977, while this Council was also 
officially nominated. At the colloquium 18 European countries 
were represented including Israel.
Dr. Oksche excellently summarized the results in a more 
general way. He stressed the importance of a comparative ap­
proach to pineal problems and of the modern technical tools now 
available to solve them, especially as pineal biochemistry and 
pharmacology are concerned. He also pointed to the need of 
chemical identification of specific pineal peptides and other 
pineal compounds in relation to pineal function and their con­
trol of hypothalamic activity specially regarding gonadotropic 
and antigonadotropic mechanisms. Dr. Oksche also rightly 
stressed the fact that, although it is now well-established 
that the pineal is a component of the neuroendocrine system, 
next to being a link in nervous messages, the organ is of a 
complexity not easy to unravel. He also mentioned that the vast 
number of functions attributed to the pineal makes one feel un­
easy and he was of the opinion that the final break-through is 
still ahead of us. In my opinion this dilemma still holds be­
cause, although our knowledge about pineal structure and bio­
chemistry has considerably increased since 1978, the exact 
function of the organ in relation to other endocrine structures 
is scarcely better known.
The proceedings of this colloquium were published in a vol­
ume of the series "Progress in Brain Research" in 1979, Dr. 
Pévet and I acting as editors (4).
The second colloquium, extremely wel1-organized by Dr. 
Oksche and his staff, was held three years later in Giessen 
from July 1 to 4, 1981. It was attended by 101 participants.
The programme covered a wide field of pineal research and con­
sisted of 20 major papers and short communications, finally 
published. For the first time, opportunity was given to exhibit 
posters, while, again, ample time was devoted to discussions. 
The results were summarized by Dr. Mess. He mentioned that the 
presentations had given much new information on pineal struc­
ture and function, including the phylogenetic aspects of pin­
eal morphology and physiology, and the neuroendocrine relation­
ships between the pineal and other neuroendocrine systems, 
especially concerning its role in the biochronometrical regu­
lation of reproductive functions. The new biochemical data 
offered to raise the hope that the isolation and purification 
of new active principles can be expected in the near future.
He also stressed the fact that clinical and pathological in­
vestigations prove that pineal research is also of importance 
for clinical work and therapy while regretting that, due to 
unforeseen circumstances, no presentation could be devoted to 
the pineal of subhuman primates. In the opinion of Dr. Mess 
also, the crucial problems of pineal physiology still remain 
open to discussion. He was, however, optimistic that the car­
6dinal questions in this field will be solved stepwise. The pro­
ceedings of this colloquium were already published in the same 
year in the series "Developments in Endocrinology", Drs Oksche 
and Pévet acting as editors (5).
At the start of the Giessen colloquium a Council meeting 
was held. The undersigned, acting as president, welcomed the 
newly elected Council members Drs Arendt, Karasek and Trentini. 
Then he gave the chair to Dr. Oksche, the newly elected presi­
dent. Dr. Mess was invited to act as vice-president while Dr. 
Pévet was asked to continue his work as secretary-treasurer. 
Furthermore, the Council decided to propose to the general as­
sembly the nomination of Drs J.Axelrod, A .Moszkowska , S.Milcu,
B.Scharrer and L.Thiéblot as honorary members of the EPSG in 
gratitude of their important contributions to pinealogy, and 
the nomination of the undersigned as honorary president who ac­
cepted this honour most gratefully. Dr. Mess kindly agreed to 
organize, in collaboration with the Board, the third colloquium, 
scheduled for 1984, in Pécs.
Some modifications of the statutes as prepared by the under­
signed were approved of by the Council which decided to submit 
them to the general assembly for final approval. The most im­
portant modification was that, instead of "active members", the 
terms "ordinary members" and "associate members" were intro­
duced. According to the revised statutes European pinealogists 
can apply for ordinary membership, while non-Europeans obtain 
the right to join the EPSG as associate members. The reason for 
this revision, which is not quite without historical interest, 
was the following. At the end of 1980 an Australian Pineal 
Study Group was organized by Drs Kenny and Armstrong. Its first 
major activity was the arrangement of a symposium on pineal 
structure and function in May 1981. This symposium was spon­
sored by the Anatomical Society of Australia and New Zealand 
and held during a meeting of that Society at the Anatomy De­
partment of the University of Melbourne. Members of this Aus­
tralian group also participated with the Australian Broadcast­
ing Commission in the production of a documentary on the pineal 
organ entitled "The Third Eye", which was shown on Australian 
television. However, what was possible in Australia was evi­
dently not so in the United States due to reasons we could only 
guess. Dr. Pévet and I received some letters from American col­
leagues reproaching the EPSG of being an exclusive club for 
Europeans only. In answer we asked our friends in the States to 
found their own Pineal Study Group, mentioning that we wanted 
to keep the EPSG European at least during some years to await 
how matters would develop within this Group. We also expressed 
our joy that American pinealogists were evidently interested in 
the activities of the EPSG, while, because non-Americans can 
apply for membership of the American Association of Anatomists 
which exists next to a European Anatomical Association, and 
because we did not want to be quite so exclusive we proposed to 
introduce an associate membership, also in view of the members 
of the Australian Pineal Study Group. We, however, stipulated 
slight restrictions regarding the right of voting of such mem­
bers. The future will learn whether a true International Asso­
ciation of Pinealogists can possibly be founded. After some 
discussion, the revised statutes were accepted by the general
7assembly. Since, a number of distinguished American colleagues 
joined the EPSG and we are most glad to have some of them among 
us here. —  The assembly, furthermore, agreed to the nomination 
of the honarary members and of the honorary president who re­
ceived a commemoration medal.
In the Newsletter of March 1984, 229 honorary and ordinary
members and 40 associate members of the EPSG are listed, while, 
in the mean time, these numbers did even slightly increase.
Just a few words should be said about our Newsletter which 
appears two times a year. From the first issue on, which ap­
peared in January 1878, Dr.Pévet, acting as its editor, devoted 
much time to this job. First he was assisted by Dr. E.Tapp, 
Great Britain, and later by Dr. J.Arendt, acting as co-editors, 
while Miss J.Sels, secretary at the Netherlands Institute for 
Brain Research, has given excellent secretarial assistance 
during all of the past seven years. The Newsletter forms a most 
important link between the members of the EPSG by dealing with 
all activities of our association including the announcements 
and programmes of the colloquia, the minutes of the Council 
meetings and of the general assemblies. Regularly, a list of 
members with their addresses is published. In a chapter called 
"Pineal News" new books on the pineal and relevant congresses 
and symposia, not organized by the EPSG, are announced while 
reviews of such activities and of theses are also given. More­
over, facilities for pineal research in different laboratories 
are mentioned. The interesting series "Ancestors and Pioneers 
in Pinealogy" is not only of much historical importance, it 
makes reading of the Newsletter very worthwhile. The "Letter 
of the President", published in every issue, deals with several 
questions related to our association or to scientific research 
in general. Once more it should be pointed out that the News­
letter should not only be passively read by the members, but 
that these should also actively contribute to its contents by 
giving all sorts of information useful for pineal research and 
our association.
In concluding it would seem to me that the past seven years 
did prove that the foundation of the European Pineal Study 
Group in 1977 was well warranted. Our Group has developed in a 
satisfactory way and its general importance for the members is 
evident. The EPSG did also much to convince the scientific com­
munity that pineal research is not only of interest to some 
non-clinical hobbyists, but also of practical importance for 
clinical work and therapeutics. We do not know what the future 
keeps in store. It can, however, be expected that, due to the 
world-wide economical recession, it will become increasingly 
difficult for young scientists to find adequate jobs. More­
over, the development of basic research will possibly be ham­
pered by more demands for practical applicable scientific work. 
Therefore, cooperation and mutual support will be of increas­
ing importance. During the next years the Board and the Coun­
cil will, I am sure, have a more difficult task than during the 
past years. It is necessary that the Board, with the help of 
the entire Council, will give good leadership being alert in 
regard of the impact of the present socio-economical develop­
ments on the scientific world in general. However, much will 
also depend on the right spirit of all of the members of our
8EPSG. The value of any association like ours is not exclusively 
dependent on the leadership of its Board, but also on the qual­
ity, scientifically as well as personally, of its individual 
members. In the present world of politics it appears to be most 
difficult to reach general international agreements and unity,
i.a. due to the fact that the issues at stake and the history 
and traditions of the different countries and their economical 
problems are so different. For us, members of an international 
scientific organization who have the rather simple and restrict­
ed aim to perform and promote pineal research, it is certainly 
more easy to obtain and keep a fruitful cooperation. It is, 
however, necessary that all members are aware of their personal 
responsabi1ity and willing to support our association actively. 
May the future of the European Pineal Study Group be a prosper­
ous one !
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Current State of Fineal Research
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At the Second Colloquium of the European Pineal Study Group (Giessen 1981) 
particular emphasis was placed on comparative aspects of pineal research 
(cf. Oksche and Pévet 1981). In this context, the following concepts were 
postulated:
1) The pineal organ is a derivative and integral component of the brain.
2) In evolutionary terms, it can be considered as an extraretinal photo­
receptor, biological clock, and endocrine gland.
3) In phylogeny, the pineal organ has undergone profound changes leading 
to remarkable variations in its sensory and secretory apparatus.
My present reflections are based on more than two decades of personal 
comparative research (cf. Oksche 1983 a, b). Nearly a century after the 
discovery that the eye-like parietal bodies of lower vertebrates are 
homologues of the pineal organ of mammals (for references, see Studnicka 
1905, Bargmann 1943), Dodt and associates succeeded in demonstrating the 
direct sensitivity of these organs to light (cf. Dodt 1973). My joint 
work with Dodt and his colleagues (cf. Oksche 1971, 1983 a, b, 1984) was 
paralleled by the extensive comparative studies of Collin (cf. Collin 1971, 
Collin and Oksche 1981). Independently, we came to the conclusion that the 
secretory parenchymal elements of the pineal gland - the pinealocytes - 
are derivatives of primary sensory cells (Fig. 1). Moreover, from our 
observations I suggested that in pineal photoreceptor cells the photic 
information can be translated into a neuroendocrine response. In 
consequence, this led me to the assumption that sensory pinealocytes may 
be regarded as photoneuroendocrine cells of neuronal origin (Oksche 1970, 
1971). A number of recent reports (e.g. Ekström 1983, Falcon 1984) has 
shown that this working hypothesis is still of current interest.
It is not by mere accident that a comparative synopsis based on our results 
(Fig. 1; see Oksche 1983 a) adds pertinent ultras truetural data to the 
classical anatomical diagrams of Studnicka (1905)'. Looking back at the 
European contribution to the investigation of the pineal organ it is 
striking that this contribution has always had a very distinct evolutionary 
and comparative accent. Outstanding representatives of this conceptual 
line were F. K. Studnicka and W. Bargmann, authors of treatises with 
eminent and long-lasting influence on pineal research (Studnicka 1905, 
Bargmann 1943). My following comments will pay tribute to these great 
masters who have one characteristic feature in common: Both of them
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Fig. 1. Comparative representation of parietal eye - pineal complexes. 
Diagrammatic midsagittal views in relation to the respective features of 
the pinealocytes of the receptor type. Single star: pineal organ (epiphysis 
cerebri); double star: parapineal organ (cyclostomes, lacertilians) or 
frontal organ (anurans); single arrow: pineal tract: double arrow: 
parietal-eye (lacertilians) or frontal-organ tract (anurans) Note 
diversity in ultrastructural details of the pinealocytes (_1_—3) indicating 
changes in outer segment structure and secretory capacity. From Oksche 
(i983a); courtesy Plenum Publishing Corporation.
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were well-trained, open-minded cytologists and neuroanatomists with a 
surprisingly wide spectrum of research interests.
When, in 1905, Studnicka (at an age of 35) published his monograph on 
parietal organs in Oppel's"Lehrbuch der Vergleichenden Mikroskopischen 
Anatomie der Wirbeltiere", he was already well known as the author of a 
comprehensive treatise on ependyma and ependymal organs (Studnicka 1900). 
This was a real conceptual breakthrough in the analysis of the general 
morphologic pattern of the brain. Studnidka's ependymal gliocytes are 
identical with the "tanycytes" of today, and his "ependymal organs" 
represent a major component of the "circumventricular organs". In my 
opinion this avantgardistic and largely epochal contribution overshadows 
his later systematic efforts to elucidate the nature of exoplasmic 
substances and structures. The lasting influence of Studnicka's monograph 
on the complex problem of parietal organs (derivatives of pineal and 
parapineal primordia) depends on the precise and critical overview given; 
its value is not diminished by a somewhat cumbersome style. Subsequent to 
discovery of the frontal organ ("pineal eye") by Stieda in 1865 (origi­
nally misinterpreted as a gland), a comprehensive body of comparative 
descriptions of similar organs, partly identified as homologues of the 
mammalian pineal organ, accumulated until the end of the nineteenth 
century.
Studnidka's treatise was the first comprehensive synopsis in this field. 
His analysis of the microscopic structure of parietal organs suffers 
only partly from the limited resolving power of the light microscope. 
Concerning the parietal organs, Studnicka came to the following con­
clusions: "These organs served originally, as one may assume with a 
certain degree of certainty, photoreceptive functions, however, they 
persisted in this form only in relatively few groups of vertebrates".
"One of the parietal organs, the pineal organ, has undergone a strange 
change in function; a sense organ was transformed into a gland of complex 
structure and enigmatic function. This functional alteration was 
accompanied by changes in the structural pattern of the organ; however, 
the onset of these changes is difficult to recognize, namely the 
structure of a functioning sensory pineal organ may also alter in a manner 
that it, at least partly, resembles a gland" . *)
A further landmark was made when Bargmann, in 1943 (still in the era of 
light microscopy), published his brillantly written and illustrated mono­
graph on the epiphysis cerebri (pineal organ). Bargmann (then at the age 
of 37) had already published a considerable number of important papers on 
different topics, including the fine structure of the kidney, lympho­
epithelial organs (thymus) and endocrine glands (thyroid). He reached the 
pinnacle of his scientific career only a decade later by his fundamental 
discoveries in the field of neurosecretion, followed by outstanding 
electron-microscopic analyses of various tissues and organs. Bargmann's 
monograph, a contribution within Möllendorffs "Handbuch der Mikrosko­
pischen Anatomie des Menschen", is a document of his extraordinary 
engagement and great skill as a comparative anatomist. The concluding 
paragraph in the epilogue of this monograph, largely based on comparative 
evidence, contains scientific statements of eminent importance and highly 
predictive character:
* ) Translated by A. 0.
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"The specific cellular elements of the pineal organ of the lower 
vertebrates display the character of sensory cells. Their morphological 
features allow the assumption that they are capable of secretory 
functions. One may tend to attribute to these elements, which both 
genetically and functionally resemble neurons, a synthetic capacity, 
last but not least with reference to the secretory (neurocrine) 
activity of nerve cells, particularly characteristic of the diencephalon. 
One may assume that in the surface-exposed pineal organs of lower forms 
the secretory activity of pineal receptors depends directly on 
illumination. The transformation of the pineal organ into a compact, 
highly vascularized body is accompanied also by a change in the structure 
of pinealocytes; after regression of their receptive segments the 
sensory cells are transformed into pinealocytes of the mammalian type.
This results in a loss of the polar structure of the cells. It is an 
experimental task to investigate whether pinealocytes, after prevention 
of direct exposure to light,are still capable of receiving impulses via 
neural pathways coupled to the optic system thereby serving synthetic 
functions. Thus, the comparative approach leads to a working hypothesis 
that will most likely be fruitful in understanding the pineal organ". *)
As already outlined on the occasion of the First Colloquium of the 
European Pineal Study Group (Amsterdam 1978; see Oksche and Hartwig 1979), 
the comparative concept also proved to be the most inspiring in the 
functional studies of Karl von Frisch (1911) and Ernst Scharrer (1928).
From their experiments both investigators concluded that the pineal organ 
of teleosts may be regarded as a principal, however, not the sole site of 
extraocular photoreception. From our present point of view, this epochal 
pioneer work provided a keen and still valid concept of photoneuroendocrine 
systems; it helped to cast light on basic functional properties of the 
pineal organ.
These examples clearly show that in pineal research the comparative 
approach is not only of heuristic value. It establishes the basis for 
future ultrastructural, immuncytochemical and biochemical investigations 
extending as far as to the molecular level. As reviewed by Vollrath (1981), 
comparative aspects have become increasingly important also for the 
interpretation of structures and functions of the mammalian pineal organ. 
They help to understand species-dependent differences, individual 
variations and topographical specializations.
The pineal complexes of submammalian vertebrates, including their 
specific types of sensory cells, the pattern of their intrinsic 
circuitries and their reciprocal neural connections, provide a key for the 
interpretation of the pineal gland of mammals. It is not the objective of 
the present remarks to list and evaluate recent progress in these areas. 
Several of the plenary lectures of the present conference are focussed on 
these topics. Therefore, only a few considerations will be made.
The functionally very important question of the plurality of pineal sensory 
cells is still open to discussion. This problem involves, on the one hand, 
the apparent dualism of sensory and sensosecretory elements (Meiniel 1981, 
Falcon 1984), on the other hand, the occurrence of different photopigments 
in photoreceptor cells morphologically displaying only cone-type outer
*) Translated by A. 0.
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segments (Hartwig 1975, Vigh-Teichmann and Vigh 1983). In this area new 
comparative investigations with improved methods are in progress (see 
also Ekström 1973). They may lead to a better understanding or even 
clarification of the achromatic and chromatic types of response of 
sensory pineal organs (cf. Dodt 1973).
The intrinsic circuitry of pineal sense organs is another topic deserving 
thorough comparative investigation. In addition to the problem of photo­
pigments, these circuitries are of basic importance with respect to the 
archromatic and chromatic reactions observed in photoreceptive pineal 
organs. Complementary to further efforts employing different tracers, the 
identification of the neurotransmitters of the individual neuronal 
elements is one of the major aims of future structural and functional 
analyses. In the mammalian pineal gland increasing attention should be 
paid to the nexus-type connections displayed by individual and clustered 
pinealocytes (cf. Vollrath 1981). It is possible that precursors of these 
structural differentiations can be found in sauropsid species.
Finally the reciprocal neural connections (pinealofugal and pinealoptal 
pathways) are an issue of great comparative interest. The message delivered 
by sensory pineal organs to the brain has still not been deciphered. For 
demonstration of the neural pathways the use of modern tracer methods has 
been very useful (for references, see van Veen 1981; Ekström 1983, Korf 
and Miller 1983). These studies have not only supplied us with a more 
precise knowledge of the central projection sites of sensory pineal organs 
but also with the insight that the pineal organ of mammals receives, in 
addition to the sympathetic input, a conspicuous innervation originating 
in the central nervous system (cf. Quay 1984). Again, the pineal pathways 
in sauropsids deserve particular comparative attention. Very obviously, 
the central pinealopetal projections of mammals had their forerunners in 
submammalian vertebrates.
The character of the avian pineal organ should be reconsidered in the 
light of new structural and functional findings. Due to the irregular 
geometry and the apparently poor differentiation of the outer segments of 
its receptor-like cells (cf. Collin and Oksche 1981), and the lack of a 
typical electrophysiological response to illumination (cf. Dodt 1973), 
they were thought to be rudiments not capable of direct photic functions 
(cf. Oksche 1971, Dodt 1973). However, recent investigations of Deguchi 
(1982) indicate the existence of a rhodopsin-like photoreceptor in the 
cell membrane of chicken pinealocytes; in organ culture this photoreceptor 
controls the circadian rhythm of the activity of serotonin N-acetyltrans- 
ferase. The chicken pineal is clearly photoreceptive; this is also 
corroborated by Takahashi (1982) who investigated light-dependent melatonin 
rhythms in tissue culture. In addition, by means of electrophysiological 
recording, Semm and Demaine (1983) observed electrical responses to direct 
photic stimulation in the pineal organ of the pigeon. Finally, in the 
pigeon, Vigh-Teichmann and Vigh (1983) were able to show a positive 
immunoreaction against bovine rhodopsin in the lamellar outer-segment 
structure of pinealocytes. For comparative reasons more attention should 
also be paid to the situation in reptiles, along the guidelines presented 
by Quay (1979). On the other hand, the possibility of some kind of direct 
response of mammalian pinealocytes to light is a matter of discussion; 
this capacity may serve the translation of optical signals into chemical 
responses.
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It is hardly possible to understand the pineal organ of amniotes without 
knowledge of its evolutionary past (cf. Oksche 1983b). Phylogenetic 
analyses of central nervous structures, however, depend basically on 
the classic rules of anatomical comparison (Kuhlenbeck 1967). First of all, 
it is crucial to avoid confusing morphologic homology with analogy.
Further, concepts of similarities indicating anatomical equivalents do 
not replace the notion of homology in its strict original sense.
According to Kuhlenbeck (1967) only sets of formed elements that fit by 
topologic transformation into a component of the general morphological 
pattern can be regarded as homologues.Within this conceptual framework 
recent histochemical, immunocytochemical and quantitative methods can be 
widely used, thus furnishing the comparative analysis with new tools and 
leading to insights more closely correlated to functional aspects. It 
should, however, be noted that today also immunochemists speak of 
"homologies", when, e.g., in peptides homologous sequences of amino acids 
have been shown by radioimmunoassay. This approach may also help to 
interpret the similarities and differences of opsins occurring in retinal 
and extraretinal (pineal) photoreceptor cells (cf. Vigh-Teichmann and 
Vigh 1983). Clear-cut definitions are needed to avoid confusion when 
research is in such a state of flux as at the present time.
The principles of comparative anatomy, applied on an ontogenetic basis 
and focussed mainly on the pattern of neural connections, are of 
particular value when attempting to identify derivatives of pineal or 
parapineal primordia. However, even a precise knowledge of these facts 
will not solve the problem of the functions of the individual organs; for 
the latter purpose, an analytic and experimental approach is obligatory. 
Thus, microspectrophotometric studies (Hartwig 1975; see also Oksche and 
Hartwig 1979) have shown that different (rod- and cone-like) photopig­
ments may occur in outer segments of pineal sensory cells displaying a 
rather uniform cone-like arrangement of their lamellar systems. This is 
accord with observations on the retina of the lateral eyes where 
rhodopsin can be found in cone-like photoreceptor cells, and vice versa 
(Dodt 1962). Furthermore, due attention must be paid to geographical, 
ecological and environmental factors (cf. Ralph 1975) having influence 
on endogenous rhythms.
With satisfaction I realize the increasing efforts of the members of our 
group to establish interdisciplinary research and to overcome the 
traditional methological barriers between the morphological and 
functional disciplines. In conclusion, however, I strongly re-emphasize 
my favorite idea that pineal research - for the sake of its quality - 




The present analysis is based on more than two decades of personal 
comparative work and intense interdisciplinary research cooperation 
with other groups. The pineal organ is an integral component of the 
brain. In evolutionary terms, it can be considered as an extraretinal 
photoreceptor, biological clock and endocrine gland. The diversity 
of structure and function of the pineal complex reflects a high degree 
of evolutionary and adaptive capacity. In phylogeny, the pineal organ has 
undergone profound changes, which have produced remarkable variations in 
its sensory and secretory apparatus. It is, however, of crucial importance 
that the secretory parenchymal elements of the pineal organ - the 
pinealocytes - are derivatives of primary sensory cells displaying 
properties of photoneuroendocrine neurons. The pineal complexes of 
submammalian vertebrates, including the pattern of their intrinsic 
circuitry and their reciprocal neural connections, provide an important 
key for the interpretation of the pineal gland of mammals. Attention must 
be paid to new methodological approaches when establishing homologies or 
attempting to define functional equivalents. In pineal research the 
comparative approach is valuable not only for heuristic purposes. It 
establishes the basis 1) for future ultrastructural, immunocytochemical 
and biochemical investigations extending as far as to the molecular 
level, and 2) for further elucidation of pineal functions.
This contribution is dedicated with great personal appreciation to 
Professor Heinz Rollhäuser of Münster, my predecessor in Giessen, on 
the occasion of his 65th birthday.
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This year rep resen ts  the t h ir t i e t h  an n iversary o f the p u b lica tio n  
o f the book by Kftay and A ltsch u le  /  1954 /  on the p in ea l gland that 
was la t e r  quoted by Wurtrnan /  1982 /  as a "landmark monograph". This 
sin g u la r  c i ta t io n  should not in  any way minimize the p ion eerin g  r e ­
search o f  so many other in v e s t ig a to r s , o f t ly  surveyed in  the se v e r a l  
is s u e s  o f  the EPSG N ew sle tter , l ik e  mushrooms in  the fo r e s t  a f t e r  a 
warm, f e r t i l i z i n g  spring  r a in , p u b lic a tio n s  d ea lin g  w ith  the varied  
a sp ec ts  o f p in ea l stru ctu re  and fu n ctio n  emerged in  huge number in  
subsequent y ea rs . I t  i s  not my present in te n t  to  survey the h is to r y  o f  
"pinealogy"; ra th er  -  as promised in  the t i t l e  -  to  o u tlin e  the la t e s t  
trends experienced in  p in ea l research  o f recen t years. T herefore, I 
s h a l l  sk ip  20-25 yea rs, and s in ce  the p ersp ec tiv e s  and fu tu re o f  th is  
branch o f  sc ien ce  w i l l  be d iscu ssed  by dr. R e iter  a t  the c lo s in g  s e s ­
s io n  o f our Colloquium, on ly  those new a sp ects  b r ie f ly  w i l l  be sum­
m arized, h o p e fu lly  r e f le c t in g  our p resen t program.
I t  i s  an extrem ely rare occurrence in  the h is to r y  o f  sc ien ce  th at  
an e n t ir e ly  new idea or d iscovery  would r e v o lu tio n iz e  one or an other  
branch o f  s c ie n c e , e .g .  the d e te c tio n  o f X -rays, r a d io a c t iv ity ,  or de­
velopment o f  radioimmunoassay techniques in  endocrinology . Permit me 
to  be very s in c e r e  and c r i t i c a l .  Perhaps, I  can a ffo rd  to  say that 
such a type o f  "revolutionary" event hardly can be found in  the p in ea l 
research  in  our decade. However, a sp ecta cu la r  number o f  n o ticea b le  
tren d s, methods and ob servation s have underscored the progress in  p i ­
n ea l research , and a r a p id ly  in c r e a s in g  number o f in v e s t ig a t io n s  be­
came in vo lved  in  th is  f i e l d  o f s c ie n c e .
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The most important new tren d s, d iscu ssed  here, are the fo llo w in g s:
1 . Comparative b io lo g y , morphology and p h ysio logy  o f  the p in ea l gland  
from the lower v e r teb ra tes  through prim ates up to  man.
2 . I s o la t io n  and p h y s io lo g ic a l fu n c tio n  o f d if fe r e n t  hormones or hor­
m one-like p r in c ip le s  o f  the p in e a l.
3 . P in ea l and a d ap ta tion . The r o le  o f  environm ental fa c to r s , o ther  
than l i g h t ,  in  the r e g u la tio n  o f p in e a l fu n c tio n .
4 . The r e la t io n s h ip s  o f the p in e a l gland w ith  the gen era l neuroendo­
crine c i r c u i t s .  R eciprocal e f f e c t s  o f  p in ea l hormones and the cen­
t r a l  nervous system .
5. P in ea l research  in  c l in i c a l  p r a c t ic e . The use o f  p in e a l hormones 
in  d ia g n o stic s  and therapy.
P rofessor  Oksche has b r i l l ia n t ly  summarized the comparative a s ­
p ects  o f  p in e a l resea rch . Comparative b io lo g is t s  have learned much 
from p in e a lo g is t s  and v ic e  v e r sa . The thorough a n a ly s is  o f  the compar­
a t iv e  morphology and p h ysio logy  o f  the p in ea l g land, s ta r t in g  w ith  the 
lower v e r te b r a te s , and p rogressin g  through the b ir d s , m arsup ia ls, and 
ordinary lab oratory  rodents cu lm inating w ith  the subhuman primate and 
the human, su re ly  w i l l  h elp  to  approach a s e r ie s  o f  problems in  under­
stand ing  the fu n ctio n  o f  th is  organ. This im portant a sp ect h o p efu lly  
w i l l  be s u f f i c i e n t ly  r e f le c te d  by the program o f  our p resen t C ollo ­
quium.
Prom the very b eginn ing , two groups o f  b io a c tiv e  compounds, mela­
ton in  /L em er  e t  a l .  1959 / and p ro te in s  /Moszkowska, 1965 /, represented  
the two most reasonable cand idates fo r  "pineal hormones". In the la s t  
decade /  Table 1 / ,  grea t e f f o r t s  were made to  c la r i f y  the stru ctu re  
and fu n ctio n  o f the d if fe r e n t  hormones, or horm one-like p r in c ip le s  o f  
t h is  g lan d . A s e r ie s  o f  new compounds, e .g .  arg in in e  va so p ressin  /AVP/ 
/P a v e l, 1978/5 d if fe r e n t  m ethoxyindole-am ines /P é v e t e t a l .  1981[ Ba- 
lemans e t  a l .  1983 /i and hydroxyindole-am ines /Young and A nderson,1982/ 
p te r id in e s  /E b e ls , 1981/^ th r e o n y l-s e r y l- ly s in e  /TSR; Orts e t  a l .  1980/ 
eq u a lly  were proposed to  be sy n th esized  by the p in e a l, and to p lay im­
portant r o le s  in  the p h y s io lo g ic a l a c t io n s  o f  the organ. O thers, such 
as R e iter  and Vaughan /1 9 7 7 /, and Benson /1 9 7 7 /, tr ie d  to  couple the 
r o le  o f  the two main groups o f  hormones, proposing that m elatonin
/o r  in d o le s /  in flu e n c e  the s e c r e t io n  o f the b io lo g ic a l ly  a c t iv e  pro­
t e in  hormones of the p in e a l. This c r u c ia l q u estio n  i s  fa r  from being  
so lv e d . The program o f our Colloquium devotes an e n t ir e  day to  t h is  
complex q u estio n .
Table 1 .




P e p tid e -fr a c tio n s  /Eg -  P^/ 
A rg in in e -v a so to c in  /AVT/ 
M ethoxyindoles
H ydroxyindole-am ines
P ter id in es
T h reo n y l-sery 1 -ly sin e
Lerner e t  a l .  1959 
Moszkowska, 1965 
P avel, 1978
Pévet e t  a l .  1981; 
Balemans e t  a l ,  1983
Young and Anderson, 1982
C rem er-B artels, 1979 
E b e ls , 1981
Orts e t  a l .  1980
B esid es the c la s s i c a l  lig h t-in d u c e d  d a ily  rhythm, and the endo­
genous c irca d ia n  rhythm o f m elatonin  and sero to n in  s e c r e t io n  /A xelrod  
and Wurtman, 1 9 6 6 /, a s e r ie s  o f  other environm ental fa c to r s  were in ­
v e s t ig a te d :  o lfa c to r y  im pulses by Vaughan e t  a l .  /1 9 7 8 /;  thermal im­
p u lse s  by V iv ien -R oels /1 9 8 1 /;  fe e d in g , m oisture e t c .  by Hoffman/1982/, 
These fa c to r s  were proposed to  p lay  in te g r a t iv e  r o le s  in  the fu n c tio n  
o f  the p in e a l gland a c t in g  as neuroendocrine transducers in  the en­
vironm ental ad ap tation  of the h ig h er  v e r te b r a te s . The d isc u ss io n  of 
t h is  new and h ig h ly  in te r e s t in g  l in e  i s  the main purpose o f  one o f  the  
s e s s io n s  in  the program o f our Colloquium.
I  would l ik e  to  turn now to  my fa v o r ite  problem, A few years ago, 
my str o n g e st  o p p o sitio n  to  the mode o f approach o f p in ea l en d ocrin o lo ­
gy , d iscu ssed  in  the l a s t  Colloquium o f the EPSG, was the tendency o f  
" iso la t io n "  o f the p in ea l from the gen era l neuroendocrine system .
Many in v e s t ig a t io n s  d ea lt  w ith  d if fe r e n t  problems such as " p in ea l and 
reproduction" , "p ineal and ad ren als" , " p in ea l and environment" or even
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" p in ea l and s le e p " , e t c . ,  a s i f  the p in ea l were an independent "master" 
gland o f  the endocrine system . The la s t  decade brought im portant change 
and p ercep tion s to  th is  a sp e c t . In c r e a s in g ly , perhaps the m ajority  o f  
the papers today con sid er  the p in e a l gland to  be an important modulator 
or sw itch  between or pai’a l l e l  to  the c e n tr a l nervous system  and the p i ­
tu ita r y - ta r g e t  organ c i r c u i t s .  In t h is  manner, p in e a lo g is t s  can now 
communicated w ith  gen era l n eu ro en d o cr in o lo g ists , th at i s ,  a t  l e a s t  in  
my o p in ion , an im portant developm ent. Therefore, p in e a l research  i s  no 
lon ger  regarded w ith  scep tic ism  by the n eu ro en d o cr in o lo g ist, as was the 
case 20-30 years ago /R e ite r ,  1 9 8 2 /. This trend was s t r i c t l y  coupled  
w ith  the development o f  a new l in e  in v e s t ig a t in g  the e f f e c t s  o f  the 
p in e a l gland and i t s  hormones exerted  on d if fe r e n t  s i t e s  and fu n ctio n s  
o f  the c e n tr a l nervous system . A separate s e s s io n  a t  th is  p resen t meet­
ing  d ea l w ith  the d if fe r e n t  a sp ec ts  o f  th is  prom ising but h ig h ly  com­
p lic a te d  problem.
F in a lly , one o f  the most im portant advances in  p in e a l research  
was the ad ap tation  to  the requirem ents o f  p r a c t ic a l  l i f e .  For example, 
anim al husbandry tech n ology  has a lrea d y  a p p lied  d if fe r e n t  programs o f  
a r t i f i c i a l  l ig h t in g  co n d itio n s w ith  s u c c e s s . However, s in ce  th is  Col­
loquium has been organized w ith in  the w a lls  o f  a m edical ' in iv e r s ity ,  
the main emphasis was p laced  on i t s  use in  c l i n i c a l  p r a c t ic e . The de­
velopment o f  d if fe r e n t  RIA system s su ita b le  fo r  the determ ination  o f  
p in e a l hormones in  the b lood , cereb rosp in a l f lu id  and urine /Arendt e t  
a l .  1977j W etterberg e t  a l .  1978/ had an im portant r o le  in  the progress  
o f  p in e a l resea rch . To underscore the importance o f p in e a l research  per­
formed in  human p a t ie n ts ,  and i t s  a p p lic a tio n  in  c l i n i c a l  d ia g n o sis  and 
therapy, the l a s t  w hole-day s e s s io n , c lo s in g  our Colloquium, w i l l  be 
devoted to  t h is  ca tegory .
Such are the main and most prom ising new tren d s, c h a r a c te r is t ic  oi 
our p resen t-d ay  p in ea l re sea rch . H op efu lly , a l l  th ese  problems w i l l  be 
s u f f i c i e n t ly  d iscu ssed  h ere , and our Colloquium w i l l  add new data and 
dim ensions to  the fu r th er  p rogress o f  p in e a l resea rch .
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INTRODUCTION
A r e v i e w  of the p e r tinent l iterature p u b lished in 1979 stressed that in m a mmals pineal tissue m a y  be arranged in a complex man n e r  and this,
toge t h e r  with other findings, led to the question w h ether the pineal 
should be termed a c omplex rather than an organ (Vollrath 1979). The 
concl u s i o n  then reached was that in some species the morphologicalc o m p l e x i t y  alone ju s t i f i e s  the use of the term pineal complex.
However, in view of the well-known principle that structure and
function are interrelated i t  was thought necessary to support the data 
relating to the morphological complexity with functional data, before the 
concept of a mammalian pineal complex were to be eventually adopted.
I do not want to be misund e r s t o o d :  In my view it does not matter
g r e a t l y  wh e t h e r  we call the pineal a body, an organ, a complex, a system (Sheridan and Reiter 1970) or sim p l y  a gland. However, what does m a t t e r  is wh e t h e r  we have a c oncept that is s t i m ulating enough to e x plore even s e e m i n g l y  marginal m o r p h ological d i f f e r e n c e s  or details that may e v e n t u a l l y  turn out to be f u n c t i o n a l l y  relevant. At p r esent it appears that, globally, r e l a t i v e l y  few p i n e a l - r e l a t e d  m o r p h ological papers are 
published. As more and more p i n e a l o g i s t s  study n o n - l a b o r a t o r y  and 
s o m etimes "exotic" ma m m a l s  this leads to the wrong impression that the 
pineal glands of rats, mice, hamsters etc. are m o r p h o l o g i c a l l y  exhausted. However, when pineal research is not separated f r o m  the basic mai n s t r e a m s  of n e u r o b i o l o g y  and en d o c r i n o l o g y ,  as pointed out by the p r e s i d e n t  of the EPSG (Oksche 1984), m a n y  fruitful avenues for indepth rese a r c h  open up.
S U P E RFICIAL AND DEEP PARTS OF THE PINEAL GLAND
The most important m o r p h ological f i nding p e r tinent to the c oncept of 
pineal c o m p l e x  or syst e m  in m a mmals was the oberv a t i o n  that in Syrian hamsters the pineal is separated into a large superficial and a small deep pineal (Sheridan and Reiter 1970). This s u bdivision, w hich is also seen in rats (Boeckmann 1980), is important as after p i n e a l e c t o m y  the deep pineal 
remains in situ and may cont i n u e  to secrete m elatonin. It is th e r e f o r e  of 
interest to study what effect superficial p i n e a l e c t o m y  has on the deep 
pineal. In rats it was found that 3 and 6 weeks after removal of the 
superficial pineal gland the deep pineal de c r e a s e d  in volume as did the
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pin e a l o c y t e  nuclei (Heidbüchel and Vollrath 1983a). By contrast, both these p arameters showed an increase in golden hamsters examined 30 and 100 days after superficial p i n e a l e c t o m y  (Legait et a l . 1979). In view of these di v e r g e n t  results it was of interest to obtain data on the melatonin 
content of the hamster deep pineal gland after superficial pinealectomy. 
Rollag and Sheridan (1984) carried out such an e x p e r i m e n t  and reported 
that the m e l atonin c o ntent was not elevated and that m o r p h o l o g i c a l l y  the deep pineal gland was unaltered when compared to control animals.A still unres o l v e d  p r oblem is which factors affect the location and the sometimes pecul i a r  shape of the pineal gland. As pointed out p r e v i o u s l y  (Vollrath 1979,1981), in most primates as well as in sheep, goat, hyrax, elephant, horse and most of the m a r s u p i a l s  and monot r e m e s  
studied the pineal has a proximal position, i.e. it lies in the vici n i t y  of the p o s terior and h a b enular c o m missures, r e p resenting what has been 
termed a type A pineal. Espec i a l l y  in pinniped c arnivores and rodents there is the remar k a b l e  f e a t u r e  that pineal tissue is not restricted to the commissural region but is e l o ngated and extends to the c e r e b e l l u m  and sometimes lies d i r e c t l y  beneath the skull. In the rodents investigated the distal, superficial part of the pineal complex appears to be the most 
consi s t e n t  one, as e x e m p lified by rat, w h i t e - f o o t e d  mouse, hamster, pocket 
gopher and D i p odomys (Vollrath 1981). It can be regarded as the pineal 
organ proper in t hese species. The g u inea-pig has an interesting pineal inasmuch as it is d u m b b e l 1-shaped and exhibits a number of feat u r e s  that call for a functional interpretation. In two independent studies (Becker and Vollrath, 1983: volumetry; Welker and Vollrath, 1984: protein m e a s u r ements) it was found that in P i r bright White g u i n ea-pigs the 
proximal t h ickening was the largest of the three parts of the pineal 
complex, followed by the distal t hickening and the thin intermediate 
regi o n .At the histological level an interesting f e a t u r e  of the guinea pig pineal is a dist i n c t  r o s e t t e - l i k e  a r r a ngement of p i n e a l o c y t e s , which is n o r m a l l y  a rare event in rodent pineals. Rosettes are not evenly dis t r i b u t e d  in the parenchyma. They were found to be absent in the proximal part and a small ventral zone of the distal part, being very 
con s p i c u o u s  in the thin interm e d i a t e  part and the r e m ainder of the distal 
part (Jung and Vollrath 1982). D i f f erences in a proximo-distal direction 
are also seen with respect to p i n e a l o c y t e s  with hyperch r o m a t i c  nuclei and a d i s t i n c t l y  e o s i n o p h i l i c  cytoplasm. These cells are absent in the proximal part of the gland; in the interm e d i a t e  part they are rare, and are most abundant in the distal area, espec i a l l y  in the ventral zone lacking rosettes. C o n cretions, which in some species have been related to 
the se c r e t o r y  activ i t y  of the pineal o c y t e s  (Reiter et a l . 1976) are 
r e stricted to the inter m e d i a t e  region w here the y  lie dire c t l y  beneath the 
o r gan's capsule (Jung and Vollrath 1982). At the ultrastructural level it was found that in Syrian golden hamsters synaptic ribbon fields (SRF) were fewer in number in the deep than in the superficial pineal gland. F unctionally, it is of interest that under constant darkness and after re- e x p o s u r e  of the animals to a normal 1 ight/dark regimen the SRF showed 
corr e s p o n d i n g  numerical changes in the two parts of the pineal complex 
(Hewing 1980).Is there any evidence that in the g uinea-pig pineal gland the di f f e r e n t  regions of the pineal c o mplex differ in function or respond d i f f e r e n t l y  under experimental con d i t i o n s ?  To answer this questions, male gui n e a - p i g s  were exposed to c ontinuous illumination for 45 days and the
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volumes of the d i f ferent parts of the pineal gland wer e  determined. It was found that both the proximal and distal parts of the gland d e c reased in 
volume by a p p r o x i m a t e l y  25 % (p < 0.01). The thin interm e d i a t e  part was 
not affected, but the p i n e a l o c y t e  nuclei showed a decr e a s e  in volume in all three regions (Jung and Vollr a t h  1982).In an ultrastructural study dealing with "synaptic" ribbons and s p h erules in the guine a - p i g  pineal gland regional dif f e r e n c e s  also became apparent (Vollrath et a l . 1983). In agreement with previous studies 
(Vollrath 1973), it was found that ribbons were eq u a l l y  abundant in the 
proximal, interm e d i a t e  and distal regions of the gland. However, the s p h erules wer e  much more abundant p r o x i m a l l y  than in the i n t e r m e d i a t e  and distal regions (Vollrath et a l . 1983). This finding is of interest as ribbons and spherules are u s ually not found in one and the same p i n e a l o c y t e  profile, and as ribbons and spherules in the g uinea-pig 
exhibit an inverse da y / n i g h t  r h y t h m i c i t y  (Vollrath et a l . 1983). Whereas 
ribbon numbers are low at d a ytime and increase at night, spherule numbers 
are high at day and low at night. These findings, in con j u n c t i o n  with 
previous elect r o p h y s i o l o g i c a l  observ a t i o n s  (Semm and Vollrath 1980) led to 
the w o rking hypothesis that ribbons may c h a r a c t e r i s e  n o c t u r n a l l y  active p i n e a locytes, whereas spherules may be typical of d i u r n a l l y  active cells (Vollrath et a l . 1983). Acc o r d i n g  to this hypothesis, d i u r n a l l y  active p i n e a l o c y t e s  would be most abundant p r o x i m a l l y  and it was thought w o r t h w h i l e  to study the 24-hour r h y t h m i c i t y  of m e l atonin fo r m a t i o n  in the 
three pineal regions separately.
In this exper i m e n t  (Welker and Vollrath 1984) three param e t e r s  were 
studied: s erum m e l atonin levels, pineal serotonin N - a c e t y l t r a n s f e r a s e  (NAT) a c t i v i t y  and pineal m e l atonin levels. S e r u m  m e l atonin de t e r m i n a t i o n s  by means of r a d i o i m m u n o a s s a y  reve a l e d  the expected nocturnal increase; however, in cont r a s t  to other species the da y / n i g h t  ratio of 1:1.25 is rather low. When the pineal gland as a whole is considered, both pineal NAT and me l a t o n i n  levels show dist i n c t  nocturnal increases. A notable  
f e ature again is that da y / n i g h t  dif f e r e n c e s  are rather small, in contrast  
to most species i n v estigated so far but in accor d a n c e  with findi n g s  by 
Rudeen et a l . (1975). When the proximal, interm e d i a t e  and distal parts of the pineal c o mplex are consi d e r e d  separately, it can be seen that each of the regions is involved in me l a t o n i n  synthesis. In each region the nocturnal NAT values are slig h t l y  higher than the d a ytime values. C o sinor  analysis of NAT a ctivities of two 24-hour e x p e riments revealed in a 
N o v e m b e r  e x p e r i m e n t  an a c r ophase at 04:00 h in the proximal region and a 
lack of a crophases in the interm e d i a t e  and distal regions. In an August  
e x p e r i m e n t  a crophases we r e  found at 02:05 h in the proximal region and at 
0 1:30 h in the i n t e r m e d i a t e  and distal regions. On the w h o l e  it would 
appear that the 24-hour o s c i l l a t i o n s  are largest in the proximal part of the pineal gland.Me l a t o n i n  d e t e r m i n a t i o n s  in the pineal revealed a first peak at the end of the light period in the proximal and interm e d i a t e  regions. In all t hree regions a dist i n c t  additional trough was seen at 22:00 h, giving the 
impression of a bimodal 24-hour curve. C o s i n o r  analysis y i elded a crophases 
at 0 2:10 h in all three regions.A comparison of the rhythmicities of pineal NAT act ivi ty and melatonin 
content reveal that the different regions are not always in unison. 
Whether these differences are functional or dependent on the methodology 
used is not known at present. However, with the benefit of hindsight i t  
would appear that, due to the relat ively small nocturnal increase
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of mel a t o n i n  fo r m a t i o n  in g u inea-pigs, this species is not ideal for studying the r h y t h m i c i t i es of m e l atonin f o r mation in di f f e r e n t  parts of the pineal complex.Sheridan and Rollag (1983) have been more successful in their attempt 
to e l u c i d a t e  the r h y t h m i c i t i e s  of the di f f e r e n t  compo n e n t s  of the pineal 
complex. In 3-wee k - o l d  Syrian hamsters they found that both the 
superficial and deep pineal e x h ibited identical day / n i g h t  r h y t h m i c i t i e s  in me l a t o n i n  content, i.e. low levels during the day, and increasing levels at night, and that in both regions m e l atonin levels dropped at night when the animals had been exposed to light for 30 min. The absolute quantities of me l a t o n i n  in the deep pineal gland are a p p r o x i m a t e l y  5 % of those in the superficial. In the rat the volume of the deep pineal is app r o x i m a t e l y  1.5 - 3 % that of the superficial pineal (Boeckmann 1980). It is slightly 
larger in hamsters; thus it would appear that in the h amster the melatonin 
c o n c e n t r a t i o n s  are about the same in the two compo n e n t s  of the pineal complex.The results obtained in gui n e a - p i g s  and Syrian hamsters taken together suggest that as far as me l a t o n i n  f o r mation is c o n cerned there is v i r tually no evid e n c e  for a functional h e t e r o g e n e i t y  of the di f f e r e n t  parts of the m a m malian pineal complex.
INNERVATION PATTERNS
A p o t e n t i a l l y  important field that has not yet been studied in detail is the d i s t r i b u t i o n  of nerve fibres within the pineal parenchyma. There is now abund a n t  e v i d e n c e  that in mammals two main sources of pineal nerve fibres exist: p o s t g a n g l i o n i c  sym p a t h e t i c  fibres coming fr o m  the superior cervical ga n g l i a  and central, c o m m i s s u r e - r e l a t e d  fibres. Chemically, this 
latter group is rather h e t e rogeneous, conta i n i n g  serotonin and a number of 
dif f e r e n t  peptides. Interestingly, some of these fibres have been shown to 
exhibit a preferential d i s t r i b u t i o n  within the pineal parenchyma. In the dog pineal gland the a p p l ication of the F a l c k - H i 11arp te c h n i q u e  revealed that nerve fibres exhib i t i n g  a blue- g r e e n  f l u o r e s c e n c e  due to the presence of c a t e c h o l a m i n e s  formed a coarse network in the peripheral p ortion of the gland, e s p e c i a l l y  ventro- a p i c a l l y ,  that was denser than in the central 
region of the gland. S e r o t o n e r g i c  fibres which persisted after 
s y m p a t h e c t o m y  were present in small numbers and we r e  r e stricted to the 
proximal part of the gland. The poss i b l e  site of origin of these fibres is the raphe nuclei (Matsuura and Sano 1983). V asopressin-, ox y t o c i n -  and LHR H - f i b r e s  which reach the dog pineal gland via the po s t e r i o r  commi s s u r e  lie m a i n l y  in the proximal and central part of the organ (Matsuura et a l . 1983). In the prosi m i a n s  G a l a g o  and Mac a c a  sub s t a n c e  P - c o n t a i n i n g  nerve fibres also reveal an uneven d i s t r i b u t i o n  inasmuch as the y  lie m a i n l y  in 
the p e r i p h e r y  of the gland (Ronnekleiv et a l . 1984).Regional d i f f e r e n c e s  with r e spect to nervous c o m p o n e n t s  are p a r t i c u l a r l y  striking in birds. Analysis of 26 avian species revealed that a c e t y l c h o l i n e s t e r a s e - p o s i t i v e  p e r ikarya and p r o cesses are m a i n l y  present in the postero- p r o x i m a l  portion of the gland, w hereas c a t e c h o l a m i n e -  c o n t a i n i n g  fibres p r e d o m i n a t e d  in the distal portion, s u ggesting that 
s e n s o r y  p i n e a l o c y t e s  may lie p r e f e r e n t i a l l y  p r o x i m a l l y  and se c r e t o r y  
p i n e a l o c y t e s  d i s t a l l y  (Sato and Wake 1983).
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CORTEX AND ME D U L L A
Finally, the pr o b l e m  of cortex and m e dulla of the pineal gland should be addressed. This aspect has been reviewed in depth ( Vollrath 1979) so that it suffices to deal with the more recent findings. As you will recall it has been r e p e a t e d l y  described that in the rat nuclear size of peripheral p i n e a l o c y t e s  is larger than that of central pinealocytes. 
Syste m a t i c  studies (Heidbüchel and Vollrath 1983b) have revealed that 
these dif f e r e n c e s  are to a large extent artefactual for a number of reasons. First, the plane of s ectioning plays a role. In three series of exp e r i m e n t s  in which the pineal glands were cut in sagittal, frontal or horizontal planes it was found that in five d i f ferent regions of the gl a n d ' s  p e r i p h e r y  n u clear p r ofile areas differed s i g n i f i c a n t l y  depending 
on the plane of sectioning; such d i f f e r e n c e s  wer e  not seen in the central 
region of the gland. As the d i f f e r e n c e  in size between peripheral and central regions was larger when the r e s p e c t i v e  peripheral area was cut 
more or less t a n g e ntially, this indicates that in the p e r i p h e r y  of the gland the pin e a l o c y t e  nuclei are slig h t l y  f lattened, the flattened side lying parallel to the s u rface of the gland.F u rther exp e r i m e n t s  revealed that when the isolated pineal glands were 
bisected in a midsagittal p lane prior to immersion fixat i o n  and compared 
with non-bi s e c t e d  glands, nuclear size increased in the cent r e  abolishing the d i f f e r e n c e s  between centre and periphery. The d i f f e r e n c e s  were also abolished by  perfusion fixation. These results indicate c l e a r l y  that a number of p r e l i m i n a r y  tests have to be carried out before k a r y o m e t r y  in the rat pineal gland can be applied in a meaningful manner.
That important functional dif f e r e n c e s  m a y  exist between pineal o c y t e s  
located in the p e r i p h e r y  and the centre of the pineal gland has been 
d e m o n s t r a t e d  in behavioural studies involving p s y c h o - s o ciological stress (Heinzeller 1981). In t hese studies e x l u s i v e l y  perfusion fixation was applied. The applied s t r essors varied d e p ending on the species. In the mouse, Mus m u s c u l u s , d e n s i t y  stress was applied, i.e., animals wer e  kept 
sin g l y  "and in groups of 3, 9 and 26 r e s p e c t i v e l y  for a p p r o x i m a t e l y  30 
days, starting at the age of 51 - 59 days and 121 - 124 days, 
r e s p e c tively. In the cortical region no s t a t i s t i c a l l y  significant d i f f e r e n c e s  of nuclear and nuc l e o l a r  sizes between the di f f e r e n t  groups were noted. However, in the centre of the organ both in the subadult and adult groups the nuclei and nucleoli were s i g n i f i c a n t l y  di f f e r e n t  in size d e p ending on the number of animals caged together.
In the gerbil, Meri ones s h a w i , psychic castr a t i o n  was induced by not 
separ a t i n g  the members of a family. This leads to a state in which some 
adult animals, due to social factors, e x hibit signs of repro d u c t i v e  immaturity. In these animals, the p i n e a l o c y t e s  of the organ p e r i p h e r y  e x h ibited enlarged nucleoli when compared with mat u r e  adults, whereas those of the organ cen t r e  showed nuclei and nucleoli d i minished in size.In T u p a i a  b e l a n g e n  m a l e s  kept in pairs for 50 days, the nuclei of 
marginal p i n e a l o c y t e s  increased in size when compared to s i n g l y-kept  
controls, and domi n a n t  animals had larger nuclei than sub d o m i n a n t  ones. 
However, in the organ centre p i n e a l o c y t e  nuclear size was i n d i s t i n g u i s h a b l e  between control and domi n a n t  animals; in sub d o m i n a n t  animals n u clear size d e c reased s i g n i f i c a n t l y  both after 3 and 50 days of psycho - s o c i o l o g i c a l  stress.T hese results show c l e a r l y  that under certain condi t i o n s  d i f f e rences 
between cortical and m e d u l l a r y  p i n e a l o c y t e s  m a y  become apparent and that
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the c o ncept of a p o s s i b l e  s u b d ivision of the pineal p a r e n c h y m a  into cortex and m e d u l l a  is far f r o m  obsolete.
C ONCLUSION
R e t urning to the o r i g i n a l l y  posed question as to w h ether the pineal gland in mammals is an organ or a complex, I feel that with respect to 
answering it we are now in an onl y  slig h t l y  better position than in 1978. 
At the gross anatomical level, the s o m etimes c o mplex arr a n g e m e n t  of pineal tissue is highly sugge s t i v e  of the prese n c e  of a pineal complex. Functional data s upporting this c o ncept are still meagre. Melatonin f o r mation appears not to diff e r  in the d i f f e r e n t  parts of the c o mplex but m o r p h o logical data support the notion of a functional hetero g e n e i t y ,  at 
least in some mammals.
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INTRODUCTION
R e se a r c h  c o n d u c te d  i n  th e  l a s t  two d e c a d e s  h a s  c o n t r ib u ­
t e d  s i g n i f i c a n t l y  to  u n d e r s ta n d in g  th e  r o l e  o f  t h e  mammalian  
p i n e a l  g la n d .  T rem endous a d v a n c e s  h a v e  b e e n  made i n  r e c e n t  
y e a r s  i n  d e f i n i n g  th e  r e l a t i o n s h i p  o f  th e  p i n e a l  g la n d  to  
th e  e n d o c r in e  s y s t e m . A lth o u g h  th e  p i n e a l  g la n d  h a s  b e e n  
i m p l i c a t e  to  i n t e r a c t  w ith  v a r io u s  e n d o c r in e  and n o n -e n d o — 
c r i n e  o r g a n s ,  th e  m a j o r i t y  o f  e v id e n c e  s u g g e s t s  t h a t  th e  p i ­
n e a l  s e c r e t o r y  p r o d u c ts  i n f l u e n c e  th e  s t r u c t u r e  and f u n c t i o n  
o f  th e  r e p r o d u c t iv e  o r g a n s  v i a  an e f f e c t  on th e  h y p o th a la m o -  
h y p o p h y s e o -g o n a d a l a x i s  /J o h n s o n  and R e i t e r  1 9 7 8 , K a ra sek  
1 9 8 0 a , R e i t e r  1 9 8 0 ,1 9 8 2 / ,  The p i n e a l  g la n d  may e x e r t  i t s  
i n f l u e n c e  a t  a l l  l e v e l s  o f  th e  n e u r o e n d o c r in e - r e p r o d u c t iv e  
a x i s  / R e i t e r  e t  a l .  1 9 8 1 / .  A lth o u g h  th e  in v o lv e m e n t  o f  th e  
h y p o th a la m o -h y p o p h y s e o -g o n a d a l s y s te m  i n  th e  f e e d b a c k  m echa­
n ism  t o  th e  p i n e a l  g la n d  h a s  b een  s t u d i e d  r a t h e r  e x t e n s i v e l y ,  
many im p o r ta n t  p r o b le m s s t i l l  a w a it  e l u c i d a t i o n .  F o r  ex a m p le , 
th e  q u e s t io n  a r i s e s ,  w h ich  p a r t ,  i f  a n y , o f  t h i s  s y s te m  i s  
in v o lv e d  i n  th e  f e e d b a c k  r e l a t i o n s h i p  t o  th e  p i n e a l  g la n d .
T h is  r e v ie w  su m m a rizes  th e  u l t r a s t r u e t u r a l  d a ta  accum u­
l a t e d  on th e  r e l a t i o n s h i p  b e tw e e n  th e  p i n e a l  g la n d  and th e  
h y p o th a la m o -h y p o p h y s e o -g o n a d a l a x i s ,  i n c l u d i n g  th e  d a ta  from  
a  c o m p r e h e n s iv e  r e s e a r c h  program  c o n d u c te d  i n  o u r  la b o x -a to r y  
i n  r e g a r d  t o  th e  e f f e c t s  o f  h y p o t h a la m ic ,  a d e n o h y p o p h y se a l  
and g o n a d a l horm ones on th e  u l t r a s t r u c t u r e  o f  r a t  p i n e a l o c y -  
t e s .  S p e c i a l  a t t e n t i o n  i s  p a id  t o  th e  u l t r a s t r u c t u r a l  
c o r r e l a t e s  o f  th e  s e c r e t o r y  p r o c e s s e s  o f  th e  mammalian 
p i n e a l o c y t e .
ULTRASTRUCTURAL CORRELATES OF THE SECRETORY PROCESSES IN 
THE MAMMALIAN PINEALOCYTE
Two d i f f e r e n t  s e c r e t o r y  p r o c e s s e s  h a v e  b e e n  d e s c r ib e d  
i n  mammalian p i n e a l o c y t e s  on th e  b a s i s  o f  u l t r a s t r u c t u r a l  
s t u d i e s  / P e v e t  1 9 7 7 , P e v e t  and  K a ra sek  1 9 7 7 , P e v e t  1 9 7 9 ,  
K a ra sek  1 9 8 1 , K a ra sek  1 9 8 3 / .  The f i r s t  p r o c e s s  / n e u r o s e c r e ­
t o r y - l i k e /  i s  c h a r a c t e r i z e d  b y  fo r m a t io n  o f  d e n s e - c o r e  
v e s i c l e s  b y  th e  G o lg i  a p p a r a tu s  / F i g s .  1 , 2 ,  3 /»  w h e r e a s  th e
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second process /ependymal-like/ Is characterized by an accu­
mulation of proteinaceous material in the dilated cistemae 
of the granular endoplasmic reticulum or by formation from 
these cistemae of vacuoles containing a flocculent material 
of moderate electron density /Figs. 1, 4/. Both processes 
appear to be involved in the production of proteinaceous 
material /Pevet 1979/»
Fig. 1. Putative secretory processes in the mammalian pinea- 
locyte. 1 - neurosecretory-like process, 1a - transitional 
step in formation of dense-core vesicles /?/, 2 - ependymal- 
like process, 3 - process Involving clear vesioles, 4 - process that cannot be visualized in eleotron micrographs 
/From Karasek 1983/.
The question arises whether neurosecretory-like sind 
ependymal-like secretory processes are independent from eaoh 
other, or whether they are related /e.g., vacuoles contai­
ning a flocculent material may represent a transitional step 
between granular endoplasmic reticulum and Golgi apparatus 
in the prooess of the formation of dense-core vesicles; Fig. 
1/. On the basis of several experiments /see Karasek 1983/
I believe that neurosecretory-like and ependymal-like 
secretory processes represent ultrastructural correlates of 
two different modes of pineal secretion.
It should be mentioned that some authors /Romijn 1973» 
Welsh et al. 1979» Karasek 1981/ have suggested that clear 
vesicles may also represent a component of the pineal secre­
tory processes /Figs. 1, 3/. Moreover, the existence of
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F i g .  2 .  U l t r a s t r u o t u r a l  c o r r e l a t e s  o f  n e u r o s e o r e t o r y - l i k e  
s e c r e t o r y  p r o c e s s .  GA -  G o lg i  a p p a r a t u s ,  DCV -  d e n s e - c o r e  
v e s i c l e s  /K a r a s e k  -  u n p u b l is h e d  m ic r o g r a p h / .
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Fig. 3. Dense-core vesicles /arrows/ and clear vesicles 
/arrow heads/ in terminal of pinealocyte process /Karasek - 
unpublished micrograph/.
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o t h e r  t y p e s  o f  s e c r e t o r y  p r o c e s s e s  t h a t  c a n n o t  b e  v i s u a l i z e d ,  
i n  e l e c t r o n  m ic r o g r a p h s  / F i g .  1 /  s h o u ld  n o t  b e  r u le d  o u t  
/ R e i t e r  1 9 8 1 / .
F i g .  If. U l t r a s t r u o t u r a l  c o r r e l a t e s  o f  e p e n d y m a l- l ik e  s e c r e ­
t o r y  p r o c e s s .  GER -  g r a n u la r  e n d o p la s m ic  r e t i c u lu m ,  VFC -  
v a c u o le s  c o n t a in in g  f l o c c u l e n t  m a t e r ia l  /K a r a s e k  -  u n p u b l i ­
s h e d  m ic r o g r a p h / .
ULTRASTRUCTURAL DATA ON THE PINEAL - HYPOTHALAMO - HYPOPHY- 
SEO - GONADAL RELATIONSHIPS
Pineal and hypothalamus
T h e r e  i s  an  e v id e n c e  t h a t  t h e  mam m alian p i n e a l  g la n d  
c o n t a in s  LHRH o r  L H R H -like s u b s t a n c e s  /W h ite  e t  a l .  197*1# 
W heaton 1 9 8 0 , P e v e t  e t  a l .  1 9 8 0 , P ie k u t  and K n ig g e , 1 9 8 1 ,  
1 9 8 2 / ,  and  t h a t  LHRH i s  known t o  b e  a c c u m u la te d  i n  th e  
p i n e a l  g la n d  /R e d d in g  an d  S c h a l l y  1973# T r e n t i n i  e t  a l .  
1 9 8 0 / .  H o w ev er , o n ly  a  f e w  u l t r a s t r u o t u r a l  s t u d i e s  d e a l i n g  
w it h  t h e  i n f l u e n c e  o f  t h e  h y p o th a la m ic  horm on es on t h e  p i n e -  
a l o c y t e  h a v e  b e e n  p u b l i s h e d .
I t  h a s  b e e n  show n t h a t  a d m in i s t r a t io n  o f  LHRH p o t e n t i a ­
t e s  e f f e c t s  o f  c a s t r a t i o n  i n  m a le  r a t  p i n e a l o c y t e s  /K a r a s e k  
e t  a l .  1 9 7 6 / .  A d m in is t r a t io n  o f  LHRH c a u s e d  a l s o  u l t r a s t r u -
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c t u r a l  c h a n g e s  i n  p i n e a l o c y t e s  o f  th e  r a b b i t  / S h i o t a n i  1 9 8 1 / .  
H a ld a r -M is r a  and P e v e t  / 1 9 8 3 a /  h a v e  s t u d i e d  i n  v i t r o  
n e u r o s e c r e t o r y - l i k e  s e c r e t o r y  p r o c e s s  o f  t h e  p i n e a l o c y t e  i n  
th e  r a t ,  th e  h a m ste r  and th e  m o u se , and h a v e  fo u n d  t h a t  
e f f e c t  o f  LHRH a p p e a r s  t o  b e  s p e c i e s - s p e c i f i c  and d e p e n d e n t  
on th e  p r e s e n c e  o r  a b s e n c e  o f  n o r a d r e n a l in e  i n  th e  c u l t u r e  
m edium . On th e  o t h e r  h a n d , i n  th e  r a t ,  we d id  n o t  o b s e r v e  
u l t r a s t r u c t u r a l  c h a n g e s  i n  th e  p i n e a l o c y t e s  c u l t u r e d  in  
v i t r o  i n  th e  p r e s e n c e  o f  LHRH /K a r a s e k  e t  a.1. 1 9 7 8 / .
A d m in is t r a t io n  o f  LHRH i n  r a t s  a t  d i e s t r u s  l e d  to  a  c l e a r  
d e p r e s s io n  o f  th e  num bers o f  b o th  " s y n a p t ic "  r ib b o n s  and  
s p h e r u l e s ,  a lth o u g h  th e  m echan ism  o f  a c t i o n  o f  LHRH on t h e s e  
s t r u c t u r e s  i s  n o t  known /K o s a r a s  e t  a l . 1 9 8 3 a / .
I t  h a s  b e e n  a l s o  shown t h a t  TRH p r o v o k e d  im p o r ta n t  
c h a n g e s  i n  th e  u l t r a s t r u c t u r e  o f  r a t  p i n e a l o c y t e s ,  i n d i c a t i n g  
a c t i v a t i o n  o f  t h e s e  c e l l s  /K a r a s e k  1 9 8 0 b / .  H ow ever , we 
s u g g e s t e d  t h a t  t h e  u l t r a s t r u c t u r a l  c h a n g e s  i n  p i n e a l o c y t e s  
c a u s e d  b y  TRH may b e  due to  en h a n ced  p r o l a c t i n  l e v e l s  f o l l o ­
w in g  TRH tr e a tm e n t  /K a r a s e k  1 9 8 0 b / .
P in e a l  and  a d e n o h y p o p h y s is
I t  i s  w e l l  e s t a b l i s h e d  t h a t  th e  p i n e a l  g la n d  i n f l u e n c e s  
th e  s y n t h e s i s  and s e c r e t i o n  o f  h y p o p h y s e a l  h orm on es /J o h n s o n  
and R e i t e r  1 9 7 8 , R e i t e r  1 9 8 0 , 1 9 8 2 / .  H ow ever, u l t r a s t r u c t u ­
r a l  s t u d i e s  on th e  i n f l u e n c e  o f  th e  p i n e a l  g la n d  o r  i t s  
horm on es on th e  a d e n o h y p o p h y s is  a r e  v e r y  r a r e .  M ost o f  th e  
m o r p h o lo g ic a l  s t u d i e s  on t h e  r e l a t i o n s h i p  b e tw e e n  th e  p i n e a l  
g la n d  and th e  a d e n o h y p o p h y s is  h a v e  b e e n  c o n c e n t r a t e d  on th e  
e f f e c t s  o f  h y p o p h y s e a l  horm on es on th e  p i n e a l o c y t e .
I t  h a s  b e e n  d e m o n s tr a te d  t h a t  h y p o p h y se c to m y  a s  w e l l  a s  
th e  a d m in i s t r a t io n  o f  g o n a d o tr o p in s  o r  p r o l a c t i n  i n f l u e n c e s  
t h e  m o rp h o lo g y  o f  p i n e a l o c y t e s  /K a r a s e k  1 9 7 1 , 1 9 7 8 , 1 9 7 9 ,  
K a ra sek  and M arek 1 9 7 8 , K a ra sek  e t  a l .  1 9 7 8 , 1 9 8 2 a , 1 9 8 3 , 
H a ld a r -M is r a  and P e v e t  1983b / .
I n  t h e  r a t ,  h y p o p h y sec to m y  c a u s e d  m o r p h o lo g ic a l  c h a n g e s  
/ s u c h  a s  d e c r e a s e  i n  a r e a s  o f  g r a n u la r  e n d o p la s m ic  r e t i c u lu m ,  
ly s o s o m e s  and l i p i d  d r o p l e t s /  w h ich  i n d i c a t e  d im in is h e d  
a c t i v i t y  o f  p i n e a l o c y t e s  /K a r a s e k  1 9 7 1 , K a ra sek  e t  a l .
1 9 8 2 a / .  M o reo v er , s i g n s  o f  d im in is h e d  a c t i v i t y  o f  t h e  p i n e ­
a l o c y t e s  / e x e m p l i f i e d  b y  a  d e c r e a s e  i n  a r e a s  o f  m it o c h o n d r ia ,  
g r a n u la r  e n d o p la s m ic  r e t i c u lu m ,  ly s o s o m e s ,  l i p i d  d r o p l e t s  
and s u b s u r f a c e  c i s t e r n a e  a s  w e l l  a s  b y  a  d e c r e a s e  i n  th e  
num ber o f  d e n s e - c o r e  v e s i c l e s /  h a v e  b e e n  o b s e r v e d  i n  th e  
d w arf m ouse h a v in g  h e r e d i t a r y  h y p o p i t u i t a r i s m  /K a r a s e k  e t  
a l .  1 9 8 2 b / .
I t  h a s  b e e n  d e m o n s tr a te d  t h a t  c o - c u l t u r e  o f  t h e  r a t  
p i n e a l  g la n d  w it h  th e  a d e n o h y p o p h y s is  in d u c e s  a c t i v a t i o n  o f  
t h e  p i n e a l o c y t e  /K a r a s e k  1 9 7 4 / .
I n  th e  r a t ,  a d m in i s t r a t io n  o f  g o n a d o tr o p ic  h orm on es  
p r o v o k e d  im p o r ta n t  c h a n g e s  i n  th e  u l t r a s t r u c t u r e  o f  p i n e a l o ­
c y t e s ,  e i t h e r  i n  v iv o  o r  i n  v i t r o ,  p o i n t i n g  to  an in c r e a s e d  
s y n t h e t i c  a c t i v i t y  o f  t h e  c e l l s  i n  q u e s t io n  /K a r a s e k  and  
M arek 1 9 7 8 , K a ra sek  e t  a l .  1 9 7 8 / .  T h is  was e x e m p l i f i e d  b y  a  
c o n s p i c i o u s  d e v e lo p m e n t o f  th e  g r a n u la r  e n d o p la s m ic  r e t i o u -  
lum  and G o lg i  a p p a r a tu s  a s  w e l l  a s  b y  in c r e a s e d  num ber o f
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dense-oore vesioles, dense bodies, vacuoles containing floo- 
oulent material and lipid droplets.
It has been demonstrated that prolactin affects the 
ultrastruoture of the pinealooyte. In the rat, administration 
of prolactin caused increase in the areas of granular endo­
plasmic reticulum, vacuoles containing flocculent material 
and lipid droplets, i.e., changes which can be interpreted 
as morphological signs of stimulation of pinealooytes 
/Karasek et al. 1982a/. Moreover, ultrastructural changes 
which indicate stimulation of the pinealooytes has been found 
in the rats with ohronic hyperprolactinemia induced by pitu­
itary transplants /Karasek et al. 198^/. Administration of 
prolactin to the bypophysectomized rats reversed some of the 
effects of hypophyseotomy /Karasek et al. 1982a/. In the 
dwarf mouse, pituitary grafts /whioh are known to cause an 
increase in prolaotin levels/ as well as administration of 
prolactin induoed activation of pinealooytes /Karasek et al. 
1982b, 1983/.Prolaotin has been also shown to influence in vitro 
neurosecretory-like secretory prooess in the mouse and in 
the rat, although the effeots depended on the presence or 
absence of noradrenaline in the culture medium /Haldar-Misra 
and Pevet 1983b/. Interpretation of the results obtained by 
Haldar-Misra sind Pevet /1983b/ is, however, difficult. It 
should be stressed that, in the rat, prolactin exerted the 
stimulatory effeot on the ependymal-like secretory process both in vivo /Karasek et al. 1982a/ and in vitro /Haldar- 
Misra and Pevet 1983b/.
In the rat, blinding and olfactory bulbectomy, the proce­
dures whioh activate the pineal gland resulted in a marked 
decrease in the size of the adenohypophysis conoomitant with 
a reduction in the number and size of prolactin cells 
/Leadom and Blask 1982a/. The prolactin oells of blind-anos- mic rats exhibited scant arrays of granular endoplasmic 
reticulum, small Golgi complexes with few immature secretory 
granules, few mature secretory granules and rare exooytosis 
/Leadem and Blask 1982a/. Pinealectoray tended to reverse the 
effeots of blinding and anosmia on prolactin oells size and 
ultrastruoture /Leadem and Blask 1982a/. Leadem and Blask /1982a/ concluded that the pineal gland oauses hypotrophy and hypoplasia of prolaotin oells in blind-anosmic female rats. These findings oorrelate well with deoreased circula­
ting prolactin levels in blind-anosmio rats /Leadem and 
Blask 1981, 1982b/. On the oontrary, Shiino et al./197k/ 
reported that prolaotin oells of blind-anosmic rats were 
highly aotive, and serum prolactin levels were elevated.
In the rabbit, administration of melatonin or arginine 
vasotooin oaused ultrastruotural signs of enhanced seoretory 
activity of prolactin oells, and signs of suppressed seore­
tory aotivity of gonadotropio oells /Shiotani 1981/.
Pineal and gonads
Ultrastructural studies of the pineal-gonadal relation­
ship have been concentrated mostly on the influence of 
castration or administration of gonadal hormones on the
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p i n e a l o c y t e .  B oth  c a s t r a t i o n  and g o n a d a l horm on es i n f l u e n c e  
m o rp h o lo g y  o f  p i n e a l o c y t e s .
A c t i v a t i o n  o f  t h e  r a t  p i n e a l o c y t e s  b y  g o n a d ec to m y  h a s  
b e e n  r e p o r t e d  i n  a  num ber o f  s t u d i e s  / d e m e n t i  e t  a l .  1 9 6 5 » 
G usek  and B u ss  1 9 6 6 , B o ste lm a n n  1969» K a r a se k  1 9 7 6 a , K a ra sek  
e t  a l .  1 9 7 6 , R u iz -N a v a r r o  e t  a l .  1 9 8 2 / .  T h is  i s  e s p e c i a l l y  
m arked w ith  r e f e r e n c e  t o  t h e  i n c r e a s e d  d e v e lo p m e n t o f  g r a n u ­
l a r  e n d o p la s m ic  r e t ic u lu m  an d  G o lg i  a p p a r a tu s  a s  w e l l  a s  t o  
th e  i n c r e a s e d  num ber o f  ly s o s o m e s ,  l i p i d  d r o p l e t s ,  v a c u o le s  
c o n t a in in g  f l o c c u l e n t  m a t e r ia l  and " s y n a p t ic "  r ib b o n s .  The  
c h a n g e s  w ere  m ore p r o n o u n c e d  when g o n a d ec to m y  w as com b in ed  
w ith  a d m in i s t r a t io n  o f  g o n a d o tr o p in s  /G u se k  and B u ss  1966 /  
o r  LHRH /K a r a s e k  e t  a l .  1 9 7 6 / .  S im i la r  u l t r a s t r u c t u r a l  
p a t t e r n  h a s  b e e n  o b s e r v e d  f o l l o w i n g  c a s t r a t i o n  i n  t h e  g a r d e n  
dorm ou se /R o u x  and R ich o u x  1 9 8 1 / .
S t e r o i d  h orm on es h a v e  b e e n  show n t o  a f f e c t  v a r io u s  a s p e c t s  
o f  p i n e a l  m e ta b o lis m  / s e e  C a r d in a l i  1 9 8 1 / .  H ow ever, u l t r a -  
s t r u o t u r a l  s t u d i e s  on t h e  i n f l u e n c e  o f  e s t r a d i o l  and t e s t o ­
s t e r o n e  on th e  p i n e a l o c y t e  a r e  r a r e  and  i n c o n s i s t e n t .
I n  f e m a le  r a t s ,  a d m in i s t r a t io n  o f  e s t r a d i o l  d e p r e s s e d  
p i n e a l o c y t e  o r g a n e l l e s  /C le m e n t i  e t  a l .  1 9 6 5 / .  I n  o o n t r a s t ,  
i n  m ale  r a t s ,  l a r g e  d o s e  o f  e s t r a d i o l  c a u s e d  u l t r a s t r u c t u r a l  
s i g n s  o f  in c r e a s e d  a o t i v i t y  o f  th e  p i n e a l o c y t e  /K a r a s e k  and  
Marek 1 9 8 0 a / .  K a ra sek  and M arek / 1 9 8 0 a /  r a i s e d ,  h o w e v e r , th e  
q u e s t io n  w h e th e r  th e  a c t i v a t i o n  o f  p i n e a l o c y t e s  i s  due t o  
e s t r a d i o l  i t s e l f  o r  w h e th e r  i n  may b e  a  r e s u l t  o f  in c r e a s e d  
p r o l a o t i n  l e v e l  f o l l o w i n g  e s t r a d i o l  a d m i n i s t r a t i o n .  A lth o u g h  
e s t r a d i o l  h a s  b e e n  show n t o  i n c r e a s e  t h e  num ber o f  p i n e a l  
" s y n a p t ic "  r ib b o n s  /R u iz -N a v a r r o  e t  a l .  1 9 8 2 / ,  s y s t e m a t i c  
s t u d i e s  o f  s t r u c t u r e s  i n  q u e s t io n  d id  n o t  show  s i g n i f i c a n t  
d i f f e r e n c e s  i n  t h e i r  num bers a t  th e  d i f f e r e n t  s t a g e s  o f  th e  
e s t r o u s  c y c l e  /K o s a r a s  e t  a l .  1 9 8 3 b / .
In the rat, testosterone had no effect on the pinealocyte 
ultrastructure in vivo /Karasek and Marek 1980b/. However, 
testosterone induoed a significant increase in the number of 
dense-core vesicles with parallel increase in numbers of 
polyribosomes and oisteraae of granular endoplasmio reticu­lum in the rat and in the mouse pineals cultured in vitro 
in a noradrenaline-free medium /Haldar-Misra and Pevet 
1983c/.
Despite the faot that the pineal gland possesses recep­
tors for sex steroids, and is regarded as a target organ for 
sex hormones /Cardinali 1981, Vollrath 1981/ rare morpholo­
gical studies do not clearly indicate influence of sex ster­
oids on the ultrastructure of the pinealocyte. However, one 
should keep in mind that according to Cardinali /1981/ 
"several questions should be raised when dealing with a 
given pineal metabolic ohange following hormone /particu­
larly steroid/ injection". It should be considered to what 
extend the ohanges observed are indireotly mediated via 
modification of FSH, LH and prolaotin levels following steroid administration, and to what extend effects on the 
pinealocyte may be mediated by changes in the sympathetic 
neuronal input to the gland. More data /especially from 
combined in vivo and in vitro studies/ are needed before 
one may provide clear-out answers.
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CONCLUDING REMARKS
T h is  p a p e r  d i s c u s s e s  m ost o f  t h e  u l t r a s t r u c t u r a l  e v id e n c e  
w h ich  i n d i c a t e s  r e l a t i o n s h i p  b e tw e e n  th e  p i n e a l  g la n d  and th e  
h y p o th a la m o -h .y p o p h y se o -g o n a d a l a x i s .  U l t r a s t r u c t u r a l  i n v e s t i ­
g a t i o n s  h a v e  p la y e d  an  im p o r ta n t  r o l e  among t h e  m u l t i d i s c i ­
p l i n a r y  s t u d i e s  w h ioh  i n  r e c e n t  y e a r s  h a v e  b ro u g h  trem en d o u s  
a d v a n c e s  i n  d e f i n i n g  t h e  r e l a t i o n s h i p  o f  t h e  p i n e a l  g la n d  t o  
t h e  e n d o c r in e  s y s t e m , p a r t i c u l a r l y  i n  r e f e r e n c e  t o  r e p r o d u c ­
t i o n .  H o w ev er , i t  a p p e a r s  fro m  t h e  r e c e n t  r e s e a r c h  t h a t  
r e l a t i o n s h i p  b e tw e e n  t h e  p i n e a l  g la n d  and t h e  h y p o th a la m o -  
h y p o p h y s e o -g o n a d a l s y s te m  i s  v e r y  o o m p le x .
T he e x i s t e n c e  o f  a  r e c i p r o c a l  r e l a t i o n s h i p  b e tw e e n  th e  
h y p o th a la m o -h y p o p h y s e a l  a x i s  and  t h e  p i n e a l  g la n d  h a s  b e e n  
s u g g e s t e d  b y  u s  s e v e r a l  y e a r s  a g o  /K a r a s e k  1 9 7 6 b , K a r a se k  
e t  a l .  1 9 7 6 /  and  s u b s e q u e n t ly  h a s  b e e n  d e m o n s tr a te d  /K a r a s e k  
and M arek 1 9 7 8 , K a ra sek  1 9 7 8 , 1 9 7 9 , 1 9 8 1 , K a ra sek  e t  a l .
1 9 7 8 , 1 9 8 2 a ,b ,  1 9 8 3 , K a r a se k  and  R e i t e r  1 9 8 2 / .  T h is  r e l a t i o n ­
s h ip  may i n v o l v e  an  en h a n cem en t o f  t h e  s y n t h e t i c  a c t i v i t y  o f  
t h e  p i n e a l  g la n d  b y  g o n a d o t r o p in s  o r  p r o l a c t i n ,  l e a d i n g  t o  
an  i n c r e a s e  i n  th e  e la b o r a t i o n  o f  p i n e a l  a n t ig o n a d o t r o p ic  
a n d /o r  p r o l a c t i n - r e g u l a t i n g  f a c t o r s .  B oth  s e c r e t o r y  p r o c e s s e s  
o f  t h e  p i n e a l o c y t e ,  i . e . ,  n e u r o s e c r e t o r y - l i k e  and ep e n d y m a l-  
l i k e  seem  t o  b e  in v o lv e d  i n  t h i s  r e l a t i o n s h i p .  I t  h a s  b e e n  
s u g g e s t e d  t h a t  b o th  s e c r e t o r y  p r o c e s s e s  a r e  in v o lv e d  i n  
d i f f e r e n t  r e g u l a t o r y  m ech an ism s i n  p i n e a l o c y t e s  /K a r a s e k  e t  
a l .  1 9 8 2 a / .  Some d a t a  /K a r a s e k  e t  a l .  1 9 8 2 a ,b ,  1 9 8 3 /  i n d i c a t e  
t h a t  e p e n d y m a l- l ik e  s e c r e t o r y  p r o c e s s  may b e  r e l a t e d  t o  th e  
r e g u l a t i o n  o f  p r o l a c t i n  s y n t h e s i s  a n d /o r  s e c r e t i o n .  H ow ever , 
a t  p r e s e n t ,  i t  i s  n o t  p o s s i b l e  t o  e s t a b l i s h  w h ic h  p i n e a l  
p u t a t i v e  h orm on es may b e  in v o lv e d  i n  t h i s  r e g u l a t i o n .
The e x i s t e n c e  o f  a  r e c i p r o c a l  r e l a t i o n s h i p  b e tw e e n  t h e  
p i n e a l  g la n d  an d  th e  h y p o th a la m o -h y p o p h y s e a l  s y s te m  do n o t  
e x c lu d e  th e  p o s s i b i l i t y  t h a t  a  f e e d b a c k  m echan ism  a l s o  e x i s t s  
b e tw e e n  o t h e r  p a r t s  o f  t h e  h y p o th a la m o -h y p o p h y s e o -g o n a d a l  
s y s te m  and t h e  p i n e a l  g la n d ,  e s p e c i a l l y  c o n s i d e r i n g  t h e  f a c t  
t h a t  t h e  o r g a n  p r o b a b ly  s e c r e t e s  a  num ber o f  s t r u c t u r a l l y  
d i v e r s e  a c t i v e  com p ou n d s.
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INTRODUCTION.
The pineal organ of vertebrates, a derivative of the neuroepi­
thelium, is an integral component of the central nervous 
system. In poikilothermic species the pineal complex is endow­
ed with a prominent neuronal apparatus providing a direct neu­
ral communication between the pineal and the brain (Oksche 
1983, 1984). Central nervous connections are also shown in 
different avian species (cf. Korf et al. 1982; Korf and Vigh- 
Teichmann 1984). The application of modern tracer techniques 
reveals that the vast majority of nerve fibers constituting the 
pineal tract runs in pinealofugal direction and terminates in 
different regions of the diencephalon and upper brainstem (El- 
dred et al. 1980; Korf and Wagner 1981; Ekström and van Veen 
1983; Ekström 1984). However, in lizards and house sparrows 
nerve fibers originating from perikarya in the brain inter­
mingle with pinealofugal axons (Korf and Wagner 1981; Korf et 
al. 1982). Apparently, the number of pinealopetal nerve fibers 
of central origin increases during phylogeny from lacertilians 
to birds.
The innervation of the mammalian pineal organ must be viewed 
in context with these comparative data. During ontogeny, an 
unpaired midsagittal nerve is observed connecting the pineal 
organ with the rostralmost part of the mesencephalic tectum in 
the human fetus, fetal rabbit and sheep (Mjállgard and Miller 
1973; Miller 1978, 1979; Miller et al. 1975). Neuroblasts en­
dowed with axosomatic and axodendritic synapses are associated 
with these pathways which, in older fetuses, are gradually in­
corporated into the pineal parenchyma. Probably, this pathway 
is homologuous to the midsagittal pineal tracts of poikilother­
mic vertebrates (Miller 1979) and thus may be composed predo­
minantly of pinealofugal fibers. The presence of neuroblasts 
within the fetal nerve might point toward a sensory capacity 
of the mammalian pineal organ during embryonic development 
comparable to the photoreceptive capacity of the pineal complex 
in poikilothermic vertebrates (Dodt 1973; Meissl and Dodt 1981). 
This assumption is supported by the demonstration of extrareti- 
nal photoreceptive elements in newborn rats (Zweig et al. 1966).
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The fate of the pineal tract is open to discussion. Since it 
is no longer detectable at birth one may suggest that these 
connections undergo degeneration during ontogeny. On the other 
hand, axons of the pineal tract may be incorporated into the 
system of nerve fibers connecting the pineal organ to the ha­
benular or posterior commissures.
Nerve fibers emerging from the habenular or posterior com­
missures and entering the pineal organ were shown to persist 
in adult individuals of several mammalian species, including 
monkeys and humans, by means of silver impregnations of the 
Bodian or Palmgren type (dog: Hosaka et al. 1957; cat: Niel­
sen and Miller 1975» monkey: Hosaka et al. 1957; Nielsen and 
Miller 1975; human: Scharenberg and Liss 1965). However, this 
method did not allow to analyze terminal formations of the im­
pregnated nerve fibers. Moreover, in the rat (Kappers 1960, 
196?), rabbit (Romijn 1973) and the monkey (Le Gros Clark 
194-0) some of these axons represent aberrant elements of the 
commissural systems.
Thus, the central neural projections to the pineal organ 
of adult mammals remained enigmatic for a long period in con­
trast to the sympathetic innervation in lesion experiments 
proven to exist in the rat by Kappers (1960, 1965). However, 
there is now accumulating evidence for the existence of di­
rect neural connections between the brain and the pineal organ 
in different mammalian species. Data supporting the presence 
of these connections have been derived from both electrophy- 
siological and morphological investigations (cf. Korf and Mil­
ler 1984-) . The electrophysiological results have been recent­
ly reviewed by Semm (1981, 1983); the present contribution 
will concentrate on structural findings concerned with central 
connections of the mammalian pineal organ.
The following aspects will be analyzed in this review:
1 . Do nerve fibers occurring in the pineal stalk represent 
central nervous elements or are they sympathetic nerve 
fibers traversing the pineal and finally innervating the 
habenular complex as was shown in the rat (Björklund et 
al. 1972; Wiklund 1974)?
2. In which direction do these fibers run?
3. What is known about the nature of terminal formations of 
central pinealopetal projections?
4. Where do pinealopetal nerve fibers of central origin come 
from?
5. Which transmitters are characteristic of the central ner­
vous connections of the pineal organ?
6. What is the evidence for the existence of pinealofugal 
nerve fibers of central origin in mammals?
THE ULTRASTRUCTURE OF INTRAPINEAL TERMINAL FORMATIONS
At the electron-microscopic level, nerve fibers penetrating 
into the pineal stalk of the golden hamster (Hewing 1976), 
the guinea pig (Lues 1971; Schneider et al. 1981), the Dsun- 
garian hamster (Ueck 1979), the rat (Pfister et al. 1978;
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Zuo et al. 1984), and the Mongolian gerbil (Miller and Korf 
1983a) were identified as myelinated and unmyelinated elements. 
In the pineal stalk of the hamsters and the Mongolian gerbil 
these axons form tracts of different calibers. Lesioning of 
the habenular nuclei prompted degeneration of several of 
these nerve fibers» whereas they remained unaffected after bi­
lateral superior cervical ganglionectomy (Lin et al. 1975; 
Pfister et al. 1978; Miller and Korf 1983a; Zuo et al. 1984). 
The lesion experiments proved a large number of nerve fibers 
running in the pineal stalk to be central nervous elements.
Further evidence for the complexity of the pineal innervat­
ion in mammals is obtained from the electron-microscopic ana­
lysis of nerve terminals present in the organ. Three different 
types of boutons have been described on the basis of ultra- 
structural criteria:
The first type of nerve terminal is characterized by small 
transmitter vesicles (40 to 60 nm in diameter) containing a 
dense core (25 nm in diameter) which is frequently found in an 
eccentric position. Few large granular vesicles are inter­
mingled with the small dense-cored vesicles (Figs. 1, 2).
These terminals occur both in perivascular and intraparenchy- 
mal locations. They never establish specialized, synapse-like 
contacts with either pinealocytes, interstitial cells or 
neurons within the pineal.
Figs. 1,2. Sympathetic boutons in the superficial pineal 
of the Mongolian gerbil (Fig. 1) and the rat (Fig. 2). The 
boutons contain small transmitter vesicles (40 to 60 nm in 
diameter confining an eccentric dense core (25 nm in diameter). 
Bar indicates 1 vum.
50
Figs. 3» A- Nerve terminals in the superficial portion of the 
pineal organ of the Mongolian gerbil containing small clear 
transmitter vesicles 40 to 60 nm in diameter (bended arrows). 
This type of bouton is unaffected by superior cervical ganglion- 
ectomy, but degenerates after lesioning the habenular nuclei. 
Figs. 5, 6. Nerve terminals in the superficial portion of the 
pineal organ of the Mongolian gerbil containing a large number 
of granular vesicles 100-200 nm in diameter in addition to 
small, clear transmitter vesicles (4-0 to 60 nm in diameter). 
Nucleus (N).
Bar indicates 1 /urn.
In the mammalian pineal organ these elements are generally- 
considered as sympathetic nerve fibers (see Korf and Miller 
1984-» for review). The degeneration of these boutons after 
bilateral ablation of the superior cervical ganglia in the 
Mongolian gerbil (Miller and Korf 1983a) conforms to this as­
sumption. However, in the rat, boutons containing small dense 
cored vesicles were shown to degenerate in the pineal organ 
after lesioning of the habenular complex (R^nnekleiv and Mil­
ler 1979). Two possible explanations can be offered for this 
result: (1) In the rat, lesioning of the habenular complex 
might lead to degeneration of sympathetic nerve fibers invol­
ved in the innervation of the medial habenular complex (cf.
Björklund et al. 1972; Wiklund 1974). (2) The degenerating 
boutons may belong to central pinealopetal projections con­
taining biogenic amines as neurotransmitters.
The second type of intrapineal nerve terminal is endowed 
with numerous small, clear transmitter vesicles (40 to 60 nm 
in diameter) intermingling with a few large granular vesicles 
approximately 100 nm in diameter (Figs. 3, 4). As has been 
shown in the monkey (David et al. 1975), ferret (David and 
Herbert 1973; David et al. 1973) and the Mongolian gerbil 
(M/ller and Korf 1983a) these boutons degenerate after habenu 
lar lesions and, thus, belong to central pinealopetal nerve 
fibers. Most of these boutons end freely in the perivascular 
space or in the pineal parenchyma (Korf and Miller 1984); how 
ever, in several species they are occasionally shown to estab 
lish synaptic contacts with pinealocytes or intrapineal neu­
rons. The functional significance of the latter, see below.
At this point it should be only emphasized that the number of 
intrapineal neurons exhibits a considerable interspecific va­
riation (see Korf and Miller 1984, for references).
The third type of intrapineal nerve terminal contains nu­
merous large granular vesicles (approximately 100 nm in dia­
meter) intermingling with small clear vesicles (Figs. 5, 6). 
These terminals closely resemble those in the posterior lobe 
of the pituitary and may therefore be considered as peptider­
gic elements (cf. Korf an>d Miller 1984; Schneider et al. 1981 
Zuo et al. 1984)•
In summary, electron-microscopic investigations have shown 
that the different types of boutons predominantly terminate 
freely in the perivascular space of the intrapineal capilla­
ries or between the pinealocytes. Furthermore, the results of 
these studies lead to the conclusion that a considerable num­
ber of nerve fibers in the mammalian pineal organ belongs to 
pinealopetal systems of central origin.
THE ORIGIN OF CENTRAL PINEALOPETAL PROJECTIONS
The injection of horseradish peroxidase (HRP) into the pineal 
organ of different rodent species confirms the presence of 
central pinealopetal nerve fibers. HRP-labelled nerve fibers 
are demonstrated in the pineal stalk of the guinea pig (Korf 
and Wagner 1980), rat (Korf and Miller 1983), Mongolian ger-
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bil (M/ller and Korf 1983b; Fig. 7) and the golden hamster 
(Fig. 8).
7. • * -- - 8. .
Figs. 7,8. HRP-labelled nerve fibers (arrows) in the pineal 
stalk of the Mongolian gerbil (Fig. 7) and the deep portion 
of the pineal organ of the golden hamster (Fig. 8). Two types 
of nerve fibers can be distinguished with respect to their 
calibers. Bar indicates 25/urn.
Whereas these fibers form fine tracts in the Mongolian gerbil, 
in the remaining species they are scattered in different sec­
tors of the pineal stalk. Two types of nerve fibers can be 
distinguished with respect to their calibers: (1) delicate 
axons approximately 0.5 yum in diameter, exhibiting numerous 
local swellings, and (2) relatively thick fibers (1 to 2 yum 
in diameter) free of swellings (Fig. 7). Both types of fibers 
were frequently seen to dichotomize in distal direction (to­
ward the superficial portion of the organ). This finding in­
dicates that these nerve fibers represent pinealopetal axons 
innervating the pineal organ. The fibers taper into the deep 
portion of the pineal organ (Figs. 9, 10) via either the ha­
benular or the posterior commissures. They were never seen to 
cross to the contralateral side.
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Fig. 9. Frontal section through the deep pineal of the Mongo­
lian gerbil (_p) at the level of the posterior commissure (pc). 
Cresvl violet stain. Pineal recess (r); subcommissural organ 
(sco) . Bar indicates 1 mm.
Fig. 10. Frontal section through the deep pineal of the Mongo­
lian gerbil. HRP-labelled fibers (arrows) can be traced from 
the deep pineal to the brain. Bar indicates 25 Aim.
Fig. 11. Neurons in the paraventricular nucleus of guinea pig 
retrogradely labelled after injection of HRP into the superfi­
cial pineal. Bar indicates 10 Aim.
Fig. 12. Neuron located in the nucleus of the posterior com­
missure retrogradely labelled after the injection of HRP into 
the superficial pineal of the Mongolian gerbil. Bar indicates 
25 Aim.
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The origin of these nerve fibers can be readily elucidated 
by the use of the HRP-technique. Neurons innervating the pi­
neal organ are scattered in the medial and lateral habenular 
complex of the Mongolian gerbil (Miller and Korf 1983b), the 
rat (Guerillot et al. 1982; Korf and Miller 1983; Dafny 1983) 
and the golden hamster. Furthermore, pinealopetal axons ori­
ginate from neurons located in the hypothalamic paraventricu­
lar nucleus of the guinea pig (Korf and Wagner 1980; Fig. 11), 
rat (Guerillot et al. 1982; Korf and Miller 1983) and the 
Mongolian gerbil (Miller and Korf 1983b). Moreover, pinealo­
petal axons were traced back to their perikarya located in the 
posterior commissure (Fig. 12) or adjacent to the subcommis­
sural organ in all rodent species investigated.
Most strikingly, in the Mongolian gerbil, nerve fibers 
after penetrating into the habenular area bend laterally and 
continue to perikarya in the dorsal nucleus of the lateral 
geniculate body. In the rat, Guerillot et al. (1982) found 
retrogradely labelled neurons in the superior colliculi.
As can be inferred from these data in rodents, the organiz­
ation of the central pinealopetal projections follows a gen­
eral morphologic pattern (Bauplan), although certain inter­
specific differences are evident. Further studies are needed 
to elucidate whether these differences are indeed due to inter­
specific variation. Alternatively it must be also considered 
that due to the size and location of the pineal organ only 
very delicate injections were made into the superficial pi­
neal in order to obtain exclusive labelling of pinealopetal 
axons; therefore, some of the projections may have been missed 
in the above-mentioned studies. In particular, nerve terminals 
in the deep portion of the pineal were inconsistently exposed 
to the tracer. In the deep pineal, however, even more central 
nerve fibers may terminate than in the superficial portion of 
the organ (guinea pig: Schneider et al. 1981; rat: Zuo et al.
1984.) .
IMMUNOCYTOCHEMISTRY OF CENTRAL PINEALOPETAL PROJECTIONS
The diversity of the pineal innervation in mammals is also 
shown by immunocytochemical techniques. Vasopressin- and oxy- 
tocin-immunoreactive nerve fibers are found in the pineal or­
gan of the rat (Buijs and Pevet 1980), hedgehog (Nürnberger 
and Korf 1981; Fig. 16) and dog (Matsuura et al. 1983a). The 
fibers enter the pineal either via the habenular or the post­
erior commissures and form terminals predominantly in the 
perivascular space of pineal capillaries. In the hedgehog, the 
amount of vasopressin- and oxytocin-immunoreactive material 
exhibited characteristic seasonal variation different from 
that observed in the posterior lobe of the pituitary, thus 
indicating that these pinealopetal projections establish a 
specialized subunit of the vasopressin- and oxytocin-system 
(for details, see Nürnberger and Korf 1981; Korf and Miller 
1984.). The vasopressin- or oxytocin-containing pinealopetal 
axons of the hedgehog display in addition neurophysin-immuno- 
reactive material. Neurophysin-immunoreactive nerve fibers 
also occur in the pineal organ of the guinea pig (Weindl and
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Fig. 13. Sagittal section through'the pineal stalk of the Mon­
golian gerbil. Long nerve fiber displaying substance P-like 
immunoreactivity (arrow). Bar indicates 10 /urn.
Fig. 14* Frontal section through the superficial pineal of the 
rat. Nerve fibers displaying substance P-like immunoreactivity 
are located in the perivascular space (arrow). Bar indicates 
25 Aim.
Figs. 15, 16. Frontal sections through the pineal organ of the 
hedgehog. Nerve fibers containing substance P-like (Fig. 15) 
and vasopressin-like (Fig. 16) immunoreactive material. Bar 
indicates 10 Aim.
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Sofroniew 1982) and the rat (Yulis and Rodriguez 1982). Most 
probably, these peptidergic projections originate from peri- 
karya of the paraventricular nucleus, which following intra­
pineal injection of horseradish peroxidase were retrogradely 
labelled. The connection between the paraventricular nucleus 
and the pineal organ has also been demonstrated by electro- 
physiological methods (Semm 1983; Reuss et al. 1984.) .
Large numbers of vasoactive intestinal peptide (VIP)- im- 
munoreactive nerve fibers were observed in the pineals of the 
rabbit, cat and pig (Uddman et al. 1980). As has been shown 
in the cat by means of immuno-electron microscopy, VIP-immu- 
noreactive material is confined to large dense-cored vesicles 
in the intrapineal nerve endings (Miller et al. 1981). VIP- 
immunoreactive nerve fibers are to a lesser extent also pre­
sent in the pineal organ of the rat and the Mongolian gerbil. 
The origin of these nerve fibers has not yet been clarified.
Nerve terminals binding antibodies against substance P were 
demonstrated in the pineal organs of the Mongolian gerbil 
(Fig. 13), rat (Fig. 14; cf. R^nnekleiv and Kelley 1984), 
hedgehog (Fig. 15) and the rhesus monkey (R^nnekleiv et al. 
1984). In the rat, these nerve fibers were shown to persist 
after bilateral ablation of the superior cervical ganglia and, 
thus, do not represent sympathetic nerve fibers (Rpnnekleiv 
and Kelley 1984). These axons may continue into the pineal 
organ from a dense network of substance P-immunoreactive nerve 
fibers innervating the habenular complex and the nucleus of 
the posterior commissure.
By means of the Falck-Hillarp technique serotonin was loca­
lized to the noradrenergic nerve fibers originating from the 
superior cervical ganglia (Bertler et al. 1964; Nielsen and 
M/ller 1975). This result leads to the conclusion that norad­
renergic terminals take up serotonin released from pinealo- 
cytes and store it within their terminal formations (Bertler 
et al. 1964; Bak et al. 1970; Matsuura 1977; Juillard and 
Collin 1980). Electric stimulation of the preganglionic nerve 
fibers of the superior cervical ganglia resulted in a simulta­
neous release of noradrenaline and serotonin (Jaim-Etcheverry 
and Zieher 1980). However, recent studies provide convincing 
evidence that serotonin may also act as a neurotransmitter in 
central pinealopetal nerve fibers. Following bilateral ablat­
ion of the superior cervical ganglia in the dog, a consider­
able number of serotonin-immunoreactive nerve fibers persisted 
in the pineal stalk. The demonstration of serotonin-immuno­
reactive nerve fibers penetrating into the pineal stalk from 
the brain in the rat (Matsuura et al. 1983b), guinea pig (Tra- 
mu et al. 1983), Mongolian gerbil (Fig. 18) and hedgehog (Fig. 
19) is in good agreement with the results in the dog. The 
source of these central serotoninergic nerve fibers may be 
sought in the raphe nuclei, which contain the most prominent 
accumulation of serotoninergic perikary^ of the brain. How­
ever, such perikarya are also present in the habenular nucleus 
(Fig. 17). The immunocytochemical demonstration of central 
serotoninergic nerve fibers conforms to the results obtained
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Fig. 17. Frontal section through the habenular complex of the 
rat containing serotonin-immunoreactive perikarya. Bar indi­
cates 50 /urn.
Fig. 18. Sagittal section through the superficial pineal of the 
Mongolian gerbil. Nerve fibers displaying serotonin-immunoreact- 
ivity (arrows). Pinealocytes exhibit a strong immunoreactive 
stain. Bar indicates 50 /urn.
Fig. 19. Frontal section through the pineal of a hibernating 
hedgehog. Serotonin-immunoreactive nerve fibers (arrows). Pi­
nealocytes contain only moderate amount of immunoreactive ma­
terial. Bar indicates 50 Aim.
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after lesions in the habenular nuclei in the rat resulting in 
degeneration of boutons of the aminergic type (RiSnnekleiv and 
Miller 1979).
FUNCTIONAL ASPECTS OF PEPTIDERGIC PINEALOPETAL PROJECTIONS
The peptidergic terminals are predominantly found in juxta­
position to intrapineal blood vessels; on the other hand, 
terminals of this type intermingle with the pineal parenchyma. 
From this topographical arrangement it may be concluded that 
the neuropeptides are primarily released into the perivascular 
space. To date, the functional significance of the peptid­
ergic pinealopetal axons is open to discussion. Peptide hor­
mones containing disulfide groups like vasopressin and oxyto­
cin are involved in the inactivation of the pineal N-acetyl- 
transferase under in-vitro conditions (Namboodiri et al. 1981).
Substance P stimulates the activity of the adenylate cyc­
lase in the pineal organ (Duffy et al. 1975). Via this mecha­
nism substance P may modulate the noradrenergic input to the 
pineal. Noradrenalin by means of an increase in cyclic AMP 
stimulates the formation of N-acetyltransferase (Klein et 
al. 1971; Deguchi and Axelrod 1973). Furthermore, substance P 
may interact in the pineal organ with serotonin released from 
pinealocytes, sympathetic nerve fibers or central serotonin- 
ergic projections. Such interaction between substance P and 
serotonin has been demonstrated in the dorsal horn (Davies 
and Roberts 1981).
By means of biochemical in-vitro studies vasoactive intest­
inal peptide was shown to stimulate the activity of N-acetyl- 
transferase in the pinealocytes of the rat via a non-beta 
receptor mechanism (Yuwiler 1983). Studies on highly specific 
binding sites for this peptide in the pineal organ of the rat 
and the Mongolian gerbil also point toward a direct influence 
of VIP on pineal function. These investigations were performed 
on the superficial portion of the pineal glands of rats and 
Mongolian gerbils rapidly excised after the decapitation of 
the animals. The binding of radioactively labelled, iodinated 
VIP showed time-dependent saturation kinetics. The radio­
actively labelled tracer could be displaced by adding a sur­
plus of non-labelled VIP to the incubation medium (Fig. 20). 
These results indicate the presence of highly specific bind­
ing sites (receptors) for VIP in the pineal of the rat and the 
Mongolian gerbil. The biochemical data are completed by auto­
radiographic observations revealing evenly distributed bind­
ing of the labelled tracer to the membranes of the pinealo­
cytes in the superficial pineal organ. The binding studies 
present additional evidence for the functional significance 
of the peptidergic nerve fibers innervating the mammalian pi­
neal organ. However, further studies are needed to elucidate 
the precise role of these elements in the regulation of pineal 
function.
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1 25Fig. 20. Time-dependent binding of J-VIP to the superficial 
pineal of the rat. The upper curve (dots) shows the "total" 
binding of the ligand to the organ. The lower curve (triangles) 
shows displacement due to adding a surplus of non-labelled 
ligand to the incubation medium. The curves indicate that 
binding is saturated after 60 to 80 min. Apnroximately 75$ 
of the binding can be displaced by adding a surplus of non- 
labelled ligand. Values are expressed as mean* SD. n=24
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THE PROBLEM OF CENTRAL PINEALOFUGAL PROJECTIONS
The problem of central pinealofugal nerve fibers must be 
viewed in context with the function(s) of the mammalian 
pinealocytes and the presence of nerve cells in the pineal 
organ of different mammalian species. The endocrine capacity 
of the mammalian pinealocytes is well documented (cf. Reiter
1982); however, as has been recently pointed out by Quay 
(1984.) the problem of a possible sensory capacity of the mam­
malian pineal organ is still open to discussion. Mammalian 
pinealocytes have developed from pineal sensory cells of lower 
vertebrates (Oksche 1971; Collin 1971; Collin and Oksche 1981). 
By means of neurophysiological (cf. Dodt 1973; Meissl and 
Dodt 1981) and morphological (cf. Oksche 1984.) methods the 
latter have been proven to represent photoreceptors. Although 
to date a direct sensitivity to light has not been demonstrat­
ed in the mammalian pineal organ, there are several indicat­
ions that - at least a specialized population of mammalian 
pinealocytes - has not lost the essential sensory prerequi­
sites: 1) Pinealocytes of several mammalian species may be 
endowed with cilia of the 9+0 type (Miller 1976; Vigh-Teieh- 
mann and Vigh 1979» McNulty et al. 1980), per se an arrange­
ment typical for receptive eLements. 2) Mammalian pinealocytes 
may contain synaptic ribbons and vesicles (Vollrath 1973» 
Vigh-Teichmann and Vigh 1979) characteristic of the photore­
ceptor cells in the pineal complex of lower vertebrates (cf. 
Vollrath 1981). 3) Rhodopsin kinase, an enzyme of retinal 
photoreceptor cells has recently also been detected in the 
pineal organ of the rat (Klein and Somers 1984). 4) Electro- 
physiological techniques point toward neuronal properties of 
mammalian pinealocytes (Semm 1983).
In the light of these findings the functional significance 
of the neurons present in the pineal organ of different mam­
malian species is in need of reconsideration (Korf and Miller 
1984» Quay 1984-). The view that all of these intrapineal nerve 
cells might represent autonomic neurons of the parasympathetic 
system (Kenny 1965» Romijn 1975) leaves some aspects open. In 
the ferret and the monkey (David and Herbert 1973; David et 
al. 1975)» clear-cut evidence has been obtained that the in­
trapineal nerve cells are elements of the central nervous 
system. Whether they are secondary neurons related to sensory 
pinealocytes, and thus homologues to the intrapineal nerve 
cells of lower vertebrates (Wake et al. 1974; Korf 1974*1976), 
needs further experimental elucidation. This hypothesis, as 
proposed by David and Herbert (1973) and Vigh-Teichmann and 
Vigh (1979)» might implicate the existence of pinealofugal 
projections in mammals. Whereas electrophysiological experi­
ments indicate a neural output of the mammalian pineal organ 
modulating the electrical activity of the habenular nuclei 
(Semm 1983). pinealofugal nerve fibers have been never de­
monstrated in a number of previous tracer studies. However, 
recent experiments facilitating the analysis of the antero­
grade transport of horseradish peroxidase by the use of the 
tetramethylbenzidine (TMB) method revealed labelled nerve fi­





Figs. 21, 22. Frontal sections through the pineal recess (r; 
at the level of the posterior commissure (jdc) of the golden 
hamster. HRP-labelled cells (arrows). The tracer was injected 
into the superficial pineal of the animals. Subcommissural 
organ (sco) . Bar indicates 50 /am.
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which could not be traced back to perikarya. Thus, one may 
speculate that they may represent pinealofugal elements. How­
ever, convincing morphological evidence for this assumption,
i. e. demonstration of terminal formations or branching of the 
fibers in the habenular complex, is still lacking.
The newly performed experiments in the golden hamster pro­
vide information on the intrinsic neural organization of the 
mammalian pineal organ. Following the injection of HRP into 
the superficial portion of the organ, retrogradely labelled 
neurons were found in the pineal stalk. These neurons may 
transmit signals from or to the superficial pineal organ. Fur­
thermore, when horseradish peroxidase coupled to wheat-germ 
agglutinin was used as a tracer, cerebrospinal fluid (CSF)- 
contacting pinealocytes were constantly labelled at the base 
of the pineal recess. The presence of CSF-contacting pinealo­
cytes in the pineal recess of the golden hamster was demon­
strated by Hewing (1978). In further studies, Hewing (1984-) 
was able to show that in the pineal recess the ratio between 
CSF-contacting pinealocytes and glial cells displays conspi­
cuous seasonal variation. The tracer experiments indicate a 
functional relationship between the superficial portion of the 
pineal organ and the CSF-contacting pinealocytes in the pineal 
recess. The mode of staining of these cells is open to dis­
cussion. They might be labelled by the tracer retrogradely 
transported in their processes extending toward the superfi­
cial pineal. This anatomical arrangement might indicate that 
the CSF-contacting pinealocytes are capable of monitoring sig­
nals from the cerebrospinal fluid to the superficial pineal. 
Thus, the CSF-contacting pinealocytes might closely resemble 
CSF-contacting neurons, which have been considered as recep­
tors exposed to the CSF (cf. Vigh-Teichmann and Vigh 1983). 
Alternatively, it cannot be ruled out that the tracer had 
entered the pineal recess or pineal capillaries and was trans­
ported to the CSF-contacting pinealocytes via these pathways. 
Considering the latter hypothesis it must be stated that 
only a very limited number of pinealocytes was consistently 
labelled (Figs. 21, 22).
GENERAL CONSIDERATIONS
The mammalian pineal organ is a component of the neuroendo­
crine system and, by means of its endocrine activity, capable 
to modulate or phase-tune several of th-e circadian and/or
circannual rhythms (cf. Reiter 1980, 1981; Quay 198/). To date 
the most properly investigated pineal factor is melatonin. It 
has been shown that the synthesis of this indole is influenced 
by environmental illumination (cf. Reiter 1981). Photoperiodic 
stimuli can be conveyed to the pineal organ via a polysynaptic 
chain including the retina, the retinohypothalamic pathway, 
the suprachiasmatic nucleus and the sympathetic pinealopetal 
projections originating from the superior cervical ganglia 
(cf. Moore 1978; Klein 1982). According to our current know­
ledge, major aspects of the synthetic and functional activi­
ties of the pineal organ depend on or are greatly influenced 
by the sympathetic nerve fibers. Thus, the indole metabolism
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of the pineal is under the influence of the sympathetic nor­
adrenergic system (cf. Klein 1982, for review).
As reviewed in this paper, the innervation of the mammalian 
pineal organ is not restricted to sympathetic nerve fibers. 
Direct neural connections between the central nervous system 
and the pineal organ were shown to exist in all mammalian 
species investigated to date with the use of modern morpholo­
gical and electrophysiological techniques. Central connections 
of the mammalian pineal organ must be regarded as an express­
ion of a structural and functional pattern. The immunocyto- 
chemical and ultrastructural observations indicate that (i) 
the cellular elements of the pineal organ are influenced by 
central nerve fibers by means of a release of their transmit­
ter substances into the perivascular space, or (ii) these 
fibers may act on single cells (pinealocytes or neurons) via 
direct apposition to the pinealocytic or neuronal membrane.
The terminal formations of central pinealopetal projections 
are not evenly distributed throughout the pineal organ. This 
arrangement might indicate that central projections transmit 
their signals primarily to specialized subpopulations of pi­
nealocytes. Spreading of these signals to pinealocytes not di­
rectly exposed to the central fibers may be facilitated by the 
presence of gap junctions as demonstrated in the pineal organ 
of the human fetus (Miller 1976), rat (Taugner et al. 1981) 
and guinea pig (Huang and Taugner 1983).
The pinealopetal projections of central origin display a 
rich diversity with respect to the character of the transmit­
ters and their origin. The elucidation of the origin of these 
elements reveals a pattern common in all rodent species in­
vestigated to date. The fibers originate from neurons located 
in the habenular complex, the hypothalamic paraventricular 
nucleus and the nucleus of the posterior commissure. Further­
more, optic centers in the diencephalon and mesencephalon pro­
ject directly to the pineal organ. From a comparative point of 
view it is noteworthy that the pineal complex of lower verte­
brates is also neurally coupled to these centers. However, in 
these species the projections mainly run in a pinealofugal 
direction.
The morphological findings on the central pinealopetal pro­
jections in mammals conform to electrophysiological results 
thus indicating that (i) photic stimuli may be transmitted 
to the pineal organ not only via the sympathetic innervation 
but also via more direct central routes (Dafny 1980; Semm 1981,
1983) ; (ii) the mammalian pineal organ is under influence of 
the olfactory and limbic system; and (iii) the neuroendocrine 
apparatus of the hypothalamus is involved in the regulation of 
pineal functions via direct neural pathways (for correlated 
electrophysiological aspects, see Semm 1983; Reuss et al.
1984) . The paraventricular nucleus, an integral component in 
neuroendocrine and autonomic control mechanisms (Swanson and 
Sawchenko 1980; for comparative data, see Korf 1984), obvious­
ly also plays a role in the regulation of biorhythmic process-
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es (cf. Nürnberger and Korf 1981). The direct connections 
between the paraventricular nucleus and the pineal organ 
might serve as a neuronal short-loop feed-back from the neuro­
endocrine apparatus of the hypothalamus, which is considered 
as a major target area for pineal hormones (cf. Kappers 1978). 
Furthermore, the paraventricular nucleus apparently represents 
an important component of the neuronal chain conveying signals 
from the suprachiasmatic nucleus to the superior cervical 
ganglia (Klein et al. 1983). The projections related to the 
olfactory and limbic system may serve the transmission of en­
vironmental stimuli differing from those concerned with the 
photoperiod (Reiter et al. 1971).
It is open to discussion whether the central fibers parti­
cipate in the regulation of the indole metabolism of the pi- 
nealocytes thus interferring with the noradrenergic input to 
the pinealocyte. On the other hand, central projections may 
be involved in the control of other pineal functions which to 
date are not well established. However, there is now an in­
creasing body of evidence that the pineal organ may synthesize 
and secrete peptides in addition to the well-known indoles 
(cf. Pevet 1981).
The precise role of direct connections between the central 
nervous system and the mammalian pineal organ can be elucida­
ted solely by means of future morphological, physiological 
and biochemical experiments. In these investigations the 
problem of the intrapineal nerve cells and putative pinealo- 
fugal projections should also be considered.
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The comparative study of cerebrospinal fluid (CSF)-cont- 
acting neurons and pinealocytes has been rather helpful in 
elucidating details of the organization of both the pineal 
complex and the CSF-contacting neuronal system. In the follo­
wing, we try to summarize some interesting questions of this 
work.
WHAT ARE CSF-CONTACTING NEURONS?
CSF-contacting neurons send one of their processes -cili­
ated dendritic terminals, or axons - into the CSF, or their 
perikarya are entirely located within the lumen of the brain 
ventricles of vertebrate species (Vigh and Vigh-Teichmann 
1973, Vigh-Teichmann and Vigh 1974, 1983» Vigh-Teichmann et 
al. 1980a, 1981). Most of the CSF-contacting nerve cells were 
found in the periventricular gray of the hypothalamus and 
around the central canal of the spinal cord (Vigh et al. 1977, 
1979, 1980a,b, 1983a, Vigh and Vigh-Teichmann 1971, 1973), in 
the lateral and the 4th ventricles (lit., see Leonhardt 1980). 
The peculiar location of the neuronal elements suggests that 
their activity may be connected in some manner with the CSF.
In addition, some of the CSF-contacting neurons may serve as 
integrative elements between the various CSF-contacting 
neuronal areas and the central nervous system (for review, see 
Vigh-Teichmann and Vigh 1983).
Similarities in structure often suggest similarities in 
function. Cytology and polarization of the CSF-contacting 
neurons and their morphological similarity with known recep­
tors offer some working hypotheses in elucidating their role. 
Presumably, the CSF-contacting neurons of the brain and 
spinal cord represent the morphological basis for mechano-, 
thermo-, chemo- and so-called deep encephalic photoreceptors 
supposed to occur in the ventricular wall by physiological 
experiments (lit., see Vigh-Teichmann et al. 1976, Hartwig 
and Oksche 1982, Underwood and Groos 1982).
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Are some pineal and retinal cells CSF-contacting neurons?
The CSF-contacting neuronal system also includes the photo- 
sensory cells of the pineal complex and retina and further some 
of the bipolar neurons of the retina that form Landolt*s clubs 
(Landolt 1871) in the "photoreceptor space" between the pigment 
epithelium and the photosensory cells. All these cells project 
ciliated dendrites either into the pineal lumen or the retinal 
photoreceptor space, i.e., into CSF cavities derived during 
embryonic development from the epithalamic and hypothalamic 
portions of the diencephalic third ventricle. The photoreceptor 
cells and the periventricular CSF-contacting neurons exhibit 
common characteristics by their peculiar orientation around the 
CSF space and the polarization of their perikarya (Vigh et al. 
1975). Perhaps, they alltogether represent a system of central 
receptor cells of the brain.
Data on the ultrastructural and immunocytochemical proper­
ties of the CSF-contacting neurons, pineal photoreceptors and 
retinal Landolt's clubs of bipolars are still rather incomple­
te. Further, morphological evidence on the presence of extra- 
retinal deep encephalic photoreceptors is still lacking. There­
fore, in the present study we summarize our comparative light 
and electron microscopic results on the periventricular hypo­
thalamic, spinal and retinal CSF-contacting neurons as well as 
on retinal and pineal photoreceptors.
MATERIALS AND METHODS
Common light and electron microscopy was performed in all 
vertebrate classes from the Lancelet and cyclostomes to mammals. 
Routine staining techniques included chrom.e alum gallocyanin 
after previous oxidation with KMnO,-sulfuric acid, toluidine 
blue-azure II, acetylcholinesterase reaction and silver impreg­
nations according to Golgi and Golgi-Kopsch. Further, immuno­
cytochemical studies were performed by means of polyclonal 
antibodies raised against somatostatin, 5-hydroxytryptamine 
(5-HT, serotonin), neurophysins and bovine (rhod)opsin. In 
addition, the hybridoma supernatants A^  and D^ were applied 
containing antibodies against iod-opsin-containing photorecep­
tor membranes of chicken retina (Szel et al. 1984.). The binding 
of the antibodies to the antigenic sites was visualized with 
the light microscopic peroxidase-antiperoxidase (PAP), avidin- 
biotinperoxidase complex (ABC) techniques followed by diamino- 
benzidine-HpO„, and with the immuno-electron-microscopic 
protein A-colloidal gold method (for technical details, see 
Vigh-Teichmann et al. 1970, 1980b, 1982, 1983, 1984a,b, Vigh 
and Vigh-Teichmann 1981, Vigh et al. 1982, 1983b, 1984, Van 
Veen et al. 1984). Scales on the pictures are micrometers.
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THE PERIVENTRICULAR CSF-CONTACTING NEURONS
The highest number of perikarya of CSF-contacting nerve 
cells can be found periventricularly from the lancelet to 
reptiles, while there are less in birds and mammals. Most of 
the CSF-contacting neurons are located in the hypothalamus, 
e.g. in the parvocellular preoptic area, the magnocellular 
preoptic and paraventricular nuclei, the anterior and posteri­
or periventricular nuclei, the paraventricular organ, the vas­
cular sac, the nucleus lateralis tuberis and the infundibular 
nuclei, etc.). A considerable number of CSF-contacting neurons 
occur in the gray around the central canal of the oblongate 
medulla, spinal cord and terminal filum (for lit., see Vigh- 
Teichmann and Vigh 1983).
Hypothalamic CSF-contacting neurons
The CSF-contacting neurons of the periventricular gray of 
the hypothalamus are characterized by ciliated CSF-contacting 
dendrite terminals being often of club- or bulb-shape (Fig.1) 
and resembling those of known sensory cells. The dendrite 
terminals ("inner segments", Vigh et al. 1975) of the CSF-con­
tacting neurons of the hypothalamus are endowed with 9x2+0 
cilia (corresponding to outer segments) supplied with basal 
and accessory basal bodies, striated rootlet fiber, further 
with elements of the endoplasmic reticulum, accumulations of 
mitochondria and a varying number of granulated vesicles. The 
9x2+0 cilia are of a modified type: they are shorter than the 
kinocilia of the ependymal cells and may exhibit a spiral­
like appearance of their ciliary shaft (Vigh-Teichmann et al.
1979). The ciliated CSF-contacting dendrites mainly resemble 
chemoreceptors, or developing/regressing photoreceptors.
Spinal CSF-contacting neurons
Most of the CSF-contacting dendrites of the CSF-contac­
ting neurons of the spinal cord exhibit a varying number of 
stereocilia and a solitary kinocilium (type 9x2+2). The ste­
reocilia are filled with parallel microfilaments which pro­
ject into the distal tapering end of the stereocilia and into 
the cytoplasm of the dendrite terminals (Vigh et al. 1977). 
Stereociliated CSF-contacting neurons can be found in all 
vertebrate classes. The morphological similarity of the stere- 
ociliated CSF-contacting dendrites to those of known mechano- 
receptors suggests a mechanoreceptive function although a 
chemoreceptive activity has also to be taken into considera­
tion since stereocilia also occur on chemoreceptors. At any 
case, recent in-vitro experiments (fictive locomotion) on 
spinal cord-notocord preparations of the lamprey provided 
direct evidence that after transection of dorsal and ventral 
roots there were mechanosensitive neurons intrinsic to the 
spinal cord (Grillner et al. 1982). It may be suggested that 
these mechanoreceptive nerve cells correspond to at least 
some of the stereociliated CSF-contacting neurons.
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Fig._1_. Scheme comparing CSF-contacting neurons (1), photore­
ceptors (2) and bipolars of the retina forming Landolt’s clubs 
(3). AF afferents, AX axons, BC bipolar cell of retina, BL 
basal lamina, C cilia of type 9x2+0, CSF space of the cerebro­
spinal fluid, D dendrites, LC Landolt’s clubs, OD oil droplet 
of inner segment, OS outer segment of cone-like photoreceptor, 
SR axon terminals containing synaptic ribbons.
Perikarya of CSF-contacting neurons
The perikarya of both hypothalamic and spinal CSF-contac­
ting neurons are supplied with various types of axo-somatic 
synapses, those of the peptidergic type included, further with 
endoplasmic reticulum, Golgi apparatus, mitochondria, granula­
ted vesicles of various sizes, and solitary, double or multi­
ple cilia of type 9x2+0 (lit, see Vigh-Teichmann et al. 1976, 
1980, Vigh-Teichmann and Vigh 1979). Such cilia also occur on 
common nerve cells. We think the cilia resemble those of 
primitive chemoreceptors and may serve for the detection of
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changes of the immediate intercellular environment (ion compo­
sition and/or concentration of the intercellular fluid?) of 
CSF-contacting and non-CSF-contacting nerve cells and their 
supporting glial cells.
Axons of CSF-contacting neurons
The perikarya or the main ependymofugal dendrite of the 
periventricular neurons give rise to axons as shown by silver 
impregnations (lit., see Vigh and Vigh-Teichmann 1973, Vigh- 
Teichmann and Vigh 1983). Very often, the impregnated axons 
were only traced over short distances into the periventricular 
gray. In lower vertebrates, we could follow the main basal 
processes of CSF-contacting neurons by means of chrome alum 
gallocyanin staining, acetylcholinesterase reaction, neuro- 
physin or somatostatin immunoreactions into the preoptic-neuro-
Figs 2 and 3. Neurophysin-immunoreactive neurons of the magno- 
cellular preoptic nucleus of Triturus vulgaris (2) and Rana 
esculenta (3). Arrows immunoreactive CSF-contacting dendrite 
terminals. The neurosecretory axons (AX) pass into the preop­
tic-neurohypophyseal tract. Dotted line lining of the 3rd 
ventricle. Semithin sections, PAP reaction.
hypophyseal tract, the tractus sacci vasculosi or into a soma- 
tostatin-immunoreactive fiber plexus, respectively. In tele- 
osts, the latter surrounds the 3rd ventricle in the postchia- 
smatic hypothalamus and extends to the anterior neurohypophy­
sis (Vigh-Teichmann et al. 1983c). In contrast to the axons of 
retinal and pineal photoreceptors as well as retinal bipolar 
neurons the axons of apparent CSF-contacting neurons appear to 
be devoid of synaptic ribbons.
Bioactive substances in CSF-contacting neurons
The presence and formation of some kind of granulated ve-
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sides do not allow to draw far-reaching conclusions as to the 
nature of their content. At present, a large number of bioac­
tive substances has been demonstrated in hypothalamic CSF-con- 
tacting neurons by immunocytochemistry (lit., see Vigh-Teich- 
mann and Vigh 1983). Thus, according to their immunocytochemi- 
cal properties they may show differences, a great diversity 
(Figs 2,3,1,5,6).
Our studies with antibodies raised against somatostatin 
show that somatostatin-immunoreactive neurons are present in 
the periventricular area of the hypothalamus of different ver­
tebrate classes. We found somatostatin-positive CSF-contacting 
neurons in the most caudal part of the infundibular nucleus of 
Xenopus laevis tadpoles of stage 60 (Blähser et al. 1982), in 
the anterior periventricular nucleus of the eel, the rainbow 
trout and the European minnow (Vigh-Teichmann et al. 1983c) 
and in the paraventricular nucleus of the turtle, Emys orbicu- 
laris (Vigh-Teichmann and Vigh 1983). In addition, somatostatin 
immunoreactive neurons were observed in the entopeduncular, 
preoptic and dorsolateral thalamic nuclei, the pretectal area 
and ventrolateral tegmentum of the teleosts studied; these 
regions and the periventricular nucleus are known to receive 
afferents from the optic and pineal photoreceptive systems 
(lit., see Vigh-Teichmann et al. 1983c).
Somatostatin is an inhibiting peptide. Therefore, the so­
matostatin-immunoreactive CSF-contacting neurons appear to be 
involved via their afferents in the inhibitive integration of 
photic information and via their ciliated CSF-contacting den­
drites in a possible chemoreceptive activity (Fig. 1). (It 
would be of interest to know the glucose levels of the CSF 
during metamorphosis of Xenopus and other species, when feeding 
cessates, because hypoglycemia increases somatostatin secretion 
specifically (Lengyel et al. 1981). The somatostatin-positive 
CSF-contacting neurons might then take part in (photojneuro- 
endocrine regulation via their neurosecretory axons to neuro- 
hemal areas, i.e., the median eminence/anterior neurohypophy­
sis for the regulation of growth hormone release from the 
adenohypophysis and via their possible transmitter axon colla­
terals to various brain regions.
Previous studies with induced monoamine fluorescence demo­
nstrated CSF-contacting neurons in the parvocellular preoptic 
area of amphibians, of some fish and in the paraventricular 
organ of submammalian vertebrates (lit., see Vigh and Vigh- 
Teichmann 1973, Vigh-Teichmann and Vigh 1983). Immunocytochem­
istry now allows to distinguish more easily the types of mono­
amine-containing cells. In the paraventricular organ, seroto­
nin-containing CSF-contacting neurons were demonstrated immu- 
nocytochemically in Cyprinus carpio, Rana catesbeiana, the 
fowl and Clemnys japonica (Sano et all 1983). In collaboration 
with Dr. Theo van Veen and his team (Zoology, Lund) we found 
5-hydroxytryptamine-immunoreactive CSF-contacting neurons in 
the paraventricular organ of Myxine glutinosa, Anguilla angu- 
illa, Phoxinus phoxinus, Gasterosteus aculeatus and Rana escu- 
lenta (Figs 4-6). In the hagfish, the serotonin-immunoreactive 
CSF-contacting nerve cells were observed around the infundibu-
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Fig._4_* Serotonin-immunoreactive CSF-contacting neurons of the
paraventricular organ of the stickleback, Gasterosteus aculea- 
tus, at about hatching (stage 144hrs). Arrows 3rd ventricle, 
cryostate section, PAP reaction. (Courtesy of Dr. Theo van Veen 
of the Department of Zoology, Lund, unpublished photograph).
Fig._5. Serotonin-immunoreactive CSF-contacting neurons of the
paraventricular organ of the European minnow, Phoxinus phoxi- 
nus. Arrows CSF-contacting dendrite terminals, F immunoreactive 
nerve fibers. Semithin section, ABC method.
Fig, 6. Serotonin-immunoreactive CSF-contacting neurons of the 
paraventricular organ in the frog, Rana esculenta. Arrows CSF- 
contacting dendrite terminals, E ependyma, F immunoreactive 
nerve fibers of the neuropil. Cryostate section, PAP method.
lar recess and its lateral extensions, a region that appears 
to correspond to the paraventricular organ of more differenti­
ated lower vertebrates. In addition, Myxine glutinosa exhibi­
ted CSF-contacting neurons in the oblongate medulla and spinal 
cord (Vigh-Teichmann et al. 1984b).
Since serotonin immunoreactivity also occurs in photore­
ceptors of the pineal organ (van Veen et al. 1984) it is of 
interest whether there are also other immunocytochemical simi­
larities between certain CSF-contacting neurons and pinealo- 
cytes. In contrast to retinal and pineal photoreceptors, the 
CSF-contacting ciliated dendrites of the hypothalamus and 
spinal cord did not exhibit immunoreaction with an antiserum 
raised against the opsin of the photopigment rhodopsin of the 
cattle retina (Vigh-Teichmann et al. 1980b). Apparently, the 
majority of CSF-contacting neurons is not identical with the 
so-called extraretinal deep encephalic photoreceptors. A final 
conclusion on the presence of the receptor peptide opsin in 
CSF-contacting neurons can, however, only be drawn after having 
performed tests with a broad scale of antibodies raised against 
different kinds of opsins.
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THE PINEAL PHOTORECEPTORS
Cytologically, the photosensory cells of the pineal complex 
of lower vertebrates are endowed - similarly to the CSF-contac- 
ting neurons - with dendrites penetrating as inner segments 
into the photoreceptor space of the pineal organ, further of 
the parapineal, frontal and parietal organs. These inner seg­
ments exhibit 9x2+0 cilia, the outer segments. Those of the 
photosensory cells from amphioxus to reptiles possess regular 
photoreceptor membrane specializations as found in rods and 
cones of the retina (Fig. 1). In the pineal organ, the outer 
segments resemble the retinal cones morphologically (lit., see 
Vollrath 1981).
The pinealocytes of birds and mammals were generally con­
sidered to take part in neuroendocrine activity and to have 
lost the photoreceptive ability of their predecessors, a phe­
nomenon thought to be expressed by the "degenerated", modified 
structure of the pineal outer segments of birds and the simple 
9x2+0 appearance of those of mammalian pinealocytes (lit., see 
Vigh-Teichmann and Vigh 1979, Vollrath 1981).
Our earlier comparative ultrastructural studies revealed 
that also the pinealocytes of birds (Gallus domesticus, Colum­
ba livia, Melopsittacus undulatus, Serinus canaria, Taeniopyga 
punctata) are endowed with regular photoreceptor outer seg­
ments resembling those of the developing chicken retina and 
the eye of the hagfish (Vigh et al. 1975, 1982, Vigh-Teichmann 
et al. 1984). These outer segments exhibit a modified circular 
arrangement of the photoreceptor membranes around an internal 
floccular matrix of the cilium and its 9 pairs of tubules. 
Further, in avian species, a synaptic neuropil was found inclu­
ding synaptic contacts between ribbon-containing axons of pin­
ealocytes and dendrites of intrinsic pineal neurons (Vigh et
al. 1975).
The 9x2+0 cilia of the mammalian pinealocytes contain li­
kewise a floccular material in their interior and they have 
slight thickenings of their ciliary shaft like those of devel­
oping photoreceptors. In insectivorous species, the cilia are 
insulated by a glial sheet. Typical photoreceptor membranes 
are, however, absent on the cilia at least in the opossum, the 
hedgehog, the bat, the rabbit, the rat and the cat (Vigh and 
Vigh-Teichmann 1981). In the latter species, perikarya and 
dendrites of intrinsic neurons received ribbon-containing syn­
apses from axons of pinealocytes. Since during evolution in­
corporation of photopigments first appeared in cell membranes 
and ciliary or rhabdomic photoreceptor membranes developed 
later, it has to be clarified whether the avian and mammalian 
pinealocytes elaborate some kind of photopigment and thereby 
still possess the capacity to detect light.
The perikarya of the photoreceptors of the pineal organ 
elaborate some kind of bioactive material in agranular (fish 
and amphibians) and granular form (reptiles to birds, mammals).
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By means of induced monoamine fluorescence and immunoreaction 
5-hydroxytryptamine or its precursor 5-hydroxytryptophan were 
demonstrated in apparent photosensory cells (lit. see Van Veen 
et al. 1984). Further, melatonin has been found to be localiz­
ed in pinealocytes (lit., see Vollrath 1981, and authors of 
this volume). Since serotonin also occurs in CSF-contacting 
neurons it has to be questioned whether both cell types poss­
ess certain similarity in function. Concerning somatostatin and 
neurophysin we failed to demonstrate its presence immunocyto- 
chemically in the pineal complex of the eel, rainbow trout and 
European minnow. All these data indicate that immunocytochemi- 
cal differences or similarities (serotonin) exist between CSF- 
contacting neurons and pineal photoreceptors. This hint proved 
to be of significance with regard to the antiopsin reaction.
Opsin in pinealocytes
Light microscopy. By means of sheep and rat antibodies 
raised against bovine opsin of rod outer segments of the retina 
a strong immunoreaction was observed in the outer segments of 
photoreceptors of the pineal and parapineal organs of the lam­
prey, Petromyzon fluviatilis, the cartilagenous fish the ray, 
Ra.ja clavata, and a number of bony fishes, a.o. Anguilla angu- 
illa, Salmo gairdneri, Phoxinus phoxinus, Gasterosteus aculea-
Figs 7 and 8. Opsin-immunoreactive outer segments of photore­
ceptors in the lumen (L) of the pineal organ of Rana esculenta 
and Phoxinus phoxinus. Ill 3rd ventricle, P pigment cells, SCO 
subcommissural organ. Semithin sections, antibovine (rhod)- 
opsin antibody, ABC method.
tus (Fig. 13). Similar results were obtained in photoreceptor 
outer segments of the frontal and pineal organs of amphibians 
(Fig. 7), of turtles and birds, further in retinas (Vigh and
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Vigh-Teichmann 1981, Vigh et al. 1982, Vigh-Teichmann et al. 
1980b, 1982, 1983a, b, Van Veen et al. 1984-) • These data reveal 
that pineal outer segments of these species contain (rhod)op­
sins, presumably associated with vitamin A-containlng photo­
pigments, as the corresponding retinas. Our results in the frog 
strengthen microspectrofluometric observations of a vitamin 
containing photopigment in the frog pineal organ (Hartwig and 
Baumann 1974)» namely of a pigment with an absorption maximum 
at 502 nm corresponding to that of retinal rhodopsin. Further, 
our findings indicate that not only the pineal complex of low­
er vertebrates but also the pineal organ of reptiles and birds 
is involved in the direct perception of light. This assumption 
is in accord with neurophysiological results obtained in lower 
vertebrates and turtles (cf. Meissl and Dodt 1981).
With regard to mammals and some other species like lacerti- 
lians. the latter being known to contain photopigments in their 
pineal photoreceptors (cf. Meissl and Dodt 1981), our efforts 
failed to detect significant opsin immunoreactivity in the 
pinealocytes at the light microscopic level. This negative re­
sult does not exclude the possibility that the mammalian pine­
al organ elaborates some other kind of opsin-containing photo­
pigment than demonstrable with our antibovine (rod)opsin anti­
body, and it may still have the capacity to detect light. This 
problem needs further studies with light and electron micro­
scopic immunocytochemistry.
Interestingly, our light microscopic investigations on the 
pineal organ of cyclostomes, amphibians and certain teleosts 
not only revealed opsin-immunoreactive outer segments in the 
pineal organ proper, but also in its stalk (Fig. 8). In addi­
tion, in-the frog, eel, rainbow trout and European minnow (often 
used species in behavioral and neurophysiological studies) 
opsin-immunoreactive outer segments of photoreceptors were 
observed inside the 3rd ventricle, in the orifice of the pine­
al recess and in the proximal thickened portion of the pineal 
stalk (Vigh-Teichmann et al. 1983b). This region (and the pa- 
rapineal organ) may remain in connection with the brain in the 
case of conventional extirpation of the pineal organ, and per­
cept light after distal pinealectomy. The proximal epithalamic 
pinealocytes may represent some of the extraretinal encephalic 
photoreceptors. In addition - quite recently - we could demo­
nstrate opsin immunoreactivity in outer segments of extraret- 
inal photoreceptors in the lumen of the optic nerve of the 
hagfish, Myxine glutinosa (Vigh-Teichmann et al. T984&). This 
finding gives new impetus for the search for extraretinal 
photoreceptive elements.
Opsin immuno-electron-microscopy. At the electron-micro­
scopic level, the antiopsin reaction was initially demonstra­
ted on ultrathin sections of reembedded semithin-sectioned 
immunoreacted material (Vigh and Vigh-Teichmann 1981). It 
exhibited the usual signs of limited penetration of antibodies 
and did not allow to draw unequivocal conclusions on the pre­
sence of opsin-negative, i.e., non-immunoreactive outer seg­







Fig« 9. Protein A-colloidal gold particles mark opsin-immuno- 
reactive fcites on "rod-like" outer segments (OS) of photorece­
ptors in the pineal organ of Ra.na esculenta. IS inner segment,
M photoreceptor membranes. Ultrathin section, antibovine (rhod) 
opsin antiserum followed by antirat immunoglobulin.
Fig. 10. Opsin-negative "cone-like" outer segment (£S) of sec­
ond photoreceptor class in the pineal organ of Rana esculenta. 
IS inner segment, OD oil droplet, M photoreceptor membranes. 
Ultrathin section, antibovine (rhod)opsin antiserum. A few 
protein A-gold particles correspond to background labeling.
was used on ultrathin resin-embedded sections to visualize 
antigenic sites that bind antibovine (rhod)opsin antibodies 
in teleosts and amphibians (Vigh et al. 1983b, 1984-, Vigh- 
Teichmann and Vigh 1983). We found numerous retinal rods and 
outer segments of pineal photoreceptors whose membrane discs 
were labeled with protein A-gold particles (Fig. 9). In the 
retina of the goldfish, the frog, the newt and the chicken cer­
tain cone-type outer segments did not show opsin immunoreacti- 
vity (Vigh et al. 1983b) with the above mentioned antiserum 
(see also frog retina: Papermaster et al. 1978; chicken retina: 
Szél et al. 1984). A similar result was obtained in the eye of 
the hagfish, Myxine glutinosa (Vigh-Teichmann et al. 1984a).
The presence of opsin-negative outer segments in the retina 
shows that the various photopigments may be composed of differ­
ent opsins and that not all opsins can be demonstrated with the 
antibovine (rhod)opsin antiserum used.
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TWO CLASSES OF PHOTORECEPTOR CELLS
Quite recently, opsin-immunoreactive and non-immun oreactive 
outer segments (Figs 9,10) were detected in the pineal organ of 
the frog and the goldfish, but both classes of outer segments 
resembled cones morphologically (Vigh-Teichmann and Vigh 1983)- 
In their immunocytochemical antigenicity the opsin-immunoreac­
tive pineal outer segments resembled the retinal rods (rhod- 
opsin), while the opsin-negative pineal outer segments exhib­
ited antigenic properties like certain cones. Thus, the cone- 
or rod-like morphological appearance of photoreceptor outer 
segments does not answer per se the question what kind of opsin 
(photopigment) they may contain. In the frog, the class of 
opsin-immunoreactive pinealocytes appears to correspond to the 
pineal photoreceptors described microspectrofluorometrically 
to contain photopigment 502^, a rhodopsin (Hartwig and Baumann 
1974-). Also electrophysiological studies indirectly indicated 
the presence of two types of photosensory cells (absorption 
maximum at 500 and 533 nm) in the pineal of teleosts (cf.
Meissl and Dodt 1981).
In further ultrastructural and immuno-electron-microscopic 
investigations on the pineal organ of the frog, Rana esculenta, 
we found that the pineal photoreceptors endowed with opsin­
positive or opsin-negative outer segments exhibited certain 
cytological differences (Vigh et al. 1984). The inner segments 
belonging to the opsin-negative outer segments contained an 
oil droplet (Figs 1,10). Such an oil droplet was lacking in the 
inner segments of the opsin-positive outer segments (Fig. 9). 
Earlier, Oksche and Vaupel-von Harnack (1965) had mentioned 
lipid droplets in certain pineal photoreceptors of the frog. 
Lipids were also described in the pinealocytes of a number of 
different vertebrates (lit., see Vigh et al. 1984). The pres­
ence of an oil droplet in the opsin-negative pinealocytes is 
a further parallel to the cones of the corresponding retina 
and strengthens the view that the frog pineal organ is compo­
sed of at least two classes of photoreceptors, of "rod-like" 
and "cone-like" ones.
By means of hybridoma supernatants, i.e., mono- or biclo- 
nal antibodies raised against isolated photoreceptor membranes 
of the retina of chickens (Szél et al. 1984) a small number of 
immunoreactive outer segments could be detected in the atrium 
of the pineal organ of the lamprey, Petromyzon fluviatilis 
(Fig. 11), further in the pineal organ of the European minnow, 
Phoxinus phoxinus (Fig. 12) and the frog, Rana esculenta. In 
the frog and the European minnow, these immunoreactive outer 
segments were scattered in the pineal organ (Fig. 12) in con­
trast to the close location of the abundant photoreceptors 
stained with the antibovine (rhod)opsin antiserum (Figs 7,13). 
For comparison, in the eel retina, numerous rods were positive 
while cones were negative (Fig. 14). In the pigeon retina, the 
immunoreactions with the monoclonal supernatants A^  and 
demonstrated a varying number of cones while the rods remained 
unstained (Figs 15,16). The question has to be elucidated whe­
ther we are dealing with an opsin similar to iodopsin, the
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Figs 11 and 12. Second class of immunoreactive outer segments 
(arrows-) of photoreceptors scattered in the pineal organ of 
the lamprey, Petromyzon fluviatilis, and the European minnow, 
Phoxinus phoxinus. L main lumen of lamprey pineal organ with 
non-immunoreactive outer segments, ?_ pigment cells. Semithin 
sections, hybridoma supernatant against photoreceptor membra­
nes of chicken retina, ABC method.
Fig. 13. Main class of opsin-immunoreactive outer segments in 
the endvesicle (V) and stalk (S) of the pineal organ of Phoxi­
nus phoxinus. P pigment cells. Semithin section, antibovine 
(rhod)opsin antiserum, ABC method.
main photopigment of the chicken retina from which the antigen 
was prepared, or porphyropsin, the vitamin A;? pigment with an 
absorption maximum at 533 nm demonstrated indirectly in the 
pineal organ of teleosts by extracellular recordings (cf. 
Meissl and Dodt 1981). At any case, by means of the different
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14 15 /
Fig. 1L . Opsin-immunoreactive rods (R) and some opsin-negative 
cones Carrows) in the retina of the eel, Anguilla anguilla. 
Semithin section, antibovine (rhod)opsin antiserum, ABC 
method.
Fig, 15 and 16. Immunoreactive cone-type outer segments and 
non-immunoreactive rods (arrows) in the retina of the pigeon. 
Hybridoma supernatant A^  (Fig. 15) marks cones with oil drop­
lets in a more external retinal layer (asterisk) while super­
natant (Fig. 16) selectively binds to cones containing oil 
droplets°in a more internal position (small asterisk). Semi­
thin sections, hybridoma supernatants against photoreceptor 
membranes of chicken retina, ABC method.
antiopsin antisera we have now immunocytochemical evidence of 
the presence of at least two classes of photoreceptors in the 
pineal organ of teleostean and amphibian species.
LANDOLT’s CLUBS OF THE RETINA AS CSF-CONTACTING ELEMENTS
In the retina of many animal species and man, some perika- 
rya of the layer of bipolar neurons dispose of dendrites that 
project toward the external limiting membrane. Here, the den­
drites enlarge forming the so-called Landolt’s clubs (1871). 
Landolt’s clubs are endowed with small dendritic terminals 
(Fig. 1). They are supplied with solitary 9x2+0 cilia as cha­
racteristic of the CSF-contacting neurons of the hypothalamus.
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At the electron microscopic level, we did not find any opsin 
immunoreactivity in these special structures of the retina. 
These data indicate that Landolt’s clubs of the bipolar neu­
rons have a greater similarity with the hypothalamic CSF-con- 
tacting neurons than with retinal photoreceptors. Finally, in 
this respect we have to note that under pathological conditi­
ons (ablation of the retina) the regressing photoreceptors 
themselves may become similar in structure to the periventri­
cular CSF-contacting neurons of the hypothalamus (Vigh et al. 
1983b).
FINAL CONCLUSIONS
Originally, we thought to get help in the research of the 
CSF-contacting neuronal system by comparing the CSF-contacting 
neurons with pineal and retinal photoreceptors. Contrary to 
our expectations, the comparative phylogenetic and immunocyto- 
chemical investigations rather elucidated structural peculia­
rities of the pineal organ and retina, i.e., they defined the 
(rhod)opsin content of photoreceptors of the pineal complex of 
a number of vertebrate species and the two classes of photo- 
sensory cells, rod- and cone-like ones, in the pineal organ.
We hope that at a next conference on the pineal we can report 
that pineal research has given back the advantage it received 
from the intensive study of the CSF-contacting neuronal system 
for the benefit of the latter.
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INTRODUCTION
A general f eature of the pineal organ of vertebrates is to t r a nslate
(i) p hotoperiodic stimuli, and (ii) various forms of e x o genous and 
e n dogenous stimuli into informational molecules, their levels being c h a r a c t e r i z e d  by cyclic changes. Some of t hese m essengers are believed to be involved in the temporal o r g a n i z a t i o n  of physiological processes.Among the major unsolved q u e stions in pineal research, are (i) the cell u l a r  m echanisms of this translation, and (ii) the mod e  of local 
interaction and comm u n i c a t i o n  of pineal cells with extrapineal targets.
As reviewed rece n t l y  (Collin and Oksche, l981, and previous reports),
•The author is very grateful to Prof. A. Oksche for his friendly help in checking and 
amending the English script. He thanks D. Decourt for secretarial assistance.
Supported by CNRS, Fondation Langlois, INSERN and DGRST.
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the principal pineal cells, named "cells of the receptor l i n e " (CRL), c o r r e s p o n d  to c o n e - l i k e  p h o t o r e c e p t o r  cells and their phylogenetic 
derivatives.CRL, respo n d i n g  to environmental stimuli, may operate in different ways, d e p ending on their state of d i f f e r e n t i a t i o n  in v ertebrate series,
i .e ., by an- output of neurotr a n s m i t t e r ( s )  : the signal is passed to the brainvia afferent ( p i n e a l o f u g a l ) neurons w hich establish a pineal
tract ;- and/or output of bio a c t i v e  co m p o u n d s  that might act locally and/or 
influence extrapineal t a rgets via the b l o o d s t r e a m  and the c e r e b r o s ­
pinal f luid (CSF).Efferent (= p i n e a l o p e t a l ) peripheral and central axons convey ex o g e n o u s  and e n dogenous stimuli. They employ d i f ferent me s s e n g e rco m p o u n d s  to i n f luence the pineal organs, prob a b l y  via the CRL.
S ince indoles and hypothetical peptides are (or may represent)
b i o l o g i c a l l y  potent mol e c u l e s  of the pineal organ, the sites of indole
m e t a b o l i s m  and protein s e c retion will be examined (Sections I & II) to come to some con c l u s i o n s  c o n c e r n i n g  the p hysiology of CRL (Section III) and of certain effer e n t  axons (Section II). Thereafter, I shall present my interpr e t a t i o n  of the CRL c o ncept (Section IV).For a better u n d e r s t a n d i n g  of the following, the reader is referred to 
a mo n o g r a p h  edited by Reit e r  (1981), d e aling wit h  cytological and 
biochemical aspects (for indole metabolism, see also Balemans, 1981 ; for innervation, Ueck, 1979, Korf and Miller, this volume).
I. SITES OF INDOLE METABOLISM IN THE PINEAL ORGAN OF VERTEBRATES
A. MO S T  CRL ARE S E R O T O N E R G I C  ELEM E N T S
5 - h y d r o x y t r y p t a m i n e  (or serotonin = HT), the p r e cursor of a large number of indoles found in the pineal, and/or 5 - h y d r o x y t r y p t o p h a n  (HW) have been detected by means of cytochemical techniques. Because HT is an indoleamine, mor e  c o r r e c t l y  an indolylalkyl amine, the cells involved in its synthesis, storage and r e lease m a y  be named indo l e a m i n e r g i c  (or 
serotonergic) elements.
LIST OF ABBREVIATIONS USED IN THE TEXT :
• HT N-acety1-5-hydroxytryptamine HT : 5-hydroxytryptamine (- serotonin)
(- N-acetyl-serotonin) HH : 5-hydroxytryptophan
aNL 0-acetyl-5-methoxytryptophol HL : 5-hydroxytryptophol
•NT N-acetyl-5-methoxytryptamine ICP : Indolergic cone-like photoreceptor
(- melatonin) cell
AYT Arginine vasotocin LH-RH : Luteinizing hormone releasing factor
CIL Cells of the interstitial NA : 5-methoxyindole-3-acetic acid
(- ependymal) line (« interstitial NL : 5-»ethoxytryptophol
cells) HP : Hodified photoreceptor cell
CP Non-indolergic cone-like o<-NSH :o<-melanocyte stimulating hormone
photoreceptor cell HT : 5-methoxytryptamine
CRL Cells of the receptor line HH : 5-methoxytryptophan
CSF Cerebrospinal fluid Pi : Pinealocyte
DCV Dense-cored vesicles RIA : Radioimmunoassay
(* secretory granules) YIP : Vasoactive intestinal peptide
EN Electron microscopy HHP : Highly modified photoreceptor cell
HA 5-hydroxyindole-3-acetic acid H Tryptophan
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The pool of H W/HT has been d e m o n s t r a t e d  in numerous but not in all 
invest i g a t e d  species (Collin, 1979 ; Mdller and Van Veen, 1981 ; Meiniel, 1981 ; Juil l a r d  and Collin, 1980 ; Van Veen et al., 1980 ; Hartwig and Reinhold, 1981 ; Voisin et al., 1982). Speci e s - d e p e n d e n t  dif f e r e n c e s  we r e  detected, r e s ulting in a d i s t r i b u t i o n  of this pool either in CRL or in 
both CRL and cells of the ependymal (= s upportive or interstitial) line 
(CIL) (Collin, 1979 ; Collin and Oksche, 1981). In addition, at leaslf in some species, or t h o s y m p a t h e t i c  (noradrenergic) fibers take up HT w hich is released f r o m  CRL and/or CIL. All these data we r e  obtained by means of the F a l c k - H i l l a r p  te c h n i q u e  and m i c r o s p e c t r o f 1u o r o m e t r y .
By use of the argentaffin and chrom a f f i n  reactions in control and 
drug- t r e a t e d  animals, HT  stores we r e  identified e l e c t r o n - m i c r o s c o p i c a l l y  
in the pineals of the wall lizard, the parakeet and the mouse. It was co n c l u d e d  that den s e - c o r e d  vesicles (= DCV ; = secretory granules) of r u d i m e n t a r y  (= modified) p h o t o r e c e p t o r  cells of lizard and parakeet as well as those of m o u s e  pineal o c y t e s  store HT w hich coexists with a protein secretion (ref. in Collin, 1979).In addition, it appeared that HT con s t i t u t e s  m a i n l y  a granular pool in 
sauropsids and, in contrast, an e x t r a g r a n u l a r  c y t o plasmic pool in the 
mouse. By use of the F a l c k - H i l l a r p  technique, Meiniel (1981) c o n cluded that in the lamprey HT occurs main l y  in the residual bodies of a certain c a t e g o r y  of c o n e - l i k e  photoreceptors.
By use of the r outine te c h n i q u e  of radioautography^ the in-vitro or 
in-vivo uptake of trit a t e d  t r y p t o p h a n  r H - W ) ,  JH-HW and J H-HT was i n v e s t i ­
gated in all classes of ver t e b r a t e s  (ref. in Collin, 1979 ; Collin and 
Oksche, 1981 ; Balemans et al., 1983). Tak i n g  into c o n s i d e r a t i o n  that 
indoles are d i f f u s i b l e  substances, later e x p e riments (see below) suggest that, in p rinciple, the previous data (i) are c o rrect for birds and reptiles, (ii) must be re-eva l u a t e d  or even revised in Anamnia, and (iii) cann o t  be accepted, except for ort h o s y m p a t h e t i c  nerve terminals, in 
mammals. W i thout going here into details it appears that results o b t a i n e d  wit h  r a d i o a u t o g r a p h y  are in line w i t h  most of the evidence obtai n e d  in the same species with the use of the Falck and H i llarp technique.
Together wit h  these findings, pharmacological and biochemical data e nabled to come to the fo l l o w i n g  con c l u s i o n s  :(i) : CRL (pinealocytes, modif i e d  = r u d i m e n t a r y  phot o r e c e p t o r  cellsand - at least according to Meiniel (1981) - one of the categ o r i e s  
of co n e - l i k e  p hotoreceptors) (Fig. 1) synthesize, store and 
r e lease HT. Thus CRL are serot o n e r g i c  cells. The m e t a b o l i s m  of HT in CRL was always strongly suggested.
(ii) : CIL may store and probably dea m i n a t e  or r e lease HT.(iii) : o c c a s i o n a l l y  in a m n i o t e s , o r t h o s y m p a t h e t i c  nerve fibers take up HTreleased f r o m  CRL and CIL ; f u r t h e r m o r e  central seroto n e r g i c  nerve fibers wer e  also found (Matsuura and Sano, 1983).
In the pineal organ it is well known that HT is the p r e cursor of 
active 5- m e t h o x y i n d o l e s  (melatonin = aMT, a s u b s t ituted amide ; 5-metho- 
xytryptophol = ML, an alcohol ; 5 - m e t h o x y t r y p t a m i n e  = MT, an indoleamine) (Section III, A). Thus, the f o l l o w i n g  i n v e stigations wer e  f o c u s s e d  on c h e c k i n g  the hypothesis ac c o r d i n g  to w hich the seroto n e r g i c  CRL are " i n d o l e r g i c ". " Indolergic" means that all steps of indole m e t a b o l i s m  may 
be found in the same cell and that indoles may be stored in and released f r o m  this cell type.
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B. INDOLERGIC CRL, AS D E M O N S T R A T E D  IN SOME V E R T E BRATES
With the a l t e r n a t i n g  use of several biochemical and cytochemical techniques, very r e c e n t l y  new results wer e  obtained for CRL of some s u bmammalian vertebrates. Dat a  in mammals are only acceptable for efferent o r t h o s y m p a t h e t i c  nerve fibers.
1. Birds and lizards
Since indoles are known to be d i f f u s i b l e  substances, their retention in pineal tissue was examined in the parakeet d u r i n g  the p r e p aration of specynens for EM. F o l l o w i n g  in-vivo uptake of (JH)-HW and in-vitro uptake of (JH)-HT, the r a d i o a c t i v i t y  of fluids used in the proc e s s i n g , o f  pineals was d e t e r m i n e d  by liquid scin t i l l a t i o n  counting. No exogenous (JH )-indoles  could be revealed in EM-sol u t i o n s  after (JH)-HW in-vivo uptake ; 8.8 to 
12.4 % of r H ) - i n d o l e s  w e r e  w a s h e d  out by glutara l d e h y d e  (fixative) after (3H )-HT in-vitro uptake (Balemans et al., 1983). On the contrary, most indoles wer e  lost after (J H)-a M T  uptake in-vitro but, under these c o n d itions, the spe c i f i c i t y  of the uptake is also to be questioned.
In the parakeet, exp e r i m e n t s  we r e  c a r r i e d  out in the autumn dur i n g  the 
f i r s t  hours of the scotophase, because under these c o nditions the methyla- 
tion of hy d r o x y i n d o l e s  for the p roduction of melat o n i n / 5 - m e t h o x y t r y p t o p h o l  
(not separated in the c h r o m a t o g r a p h i c  sys t e m  used) reached its m a x i m u m  
(Balemans et al., 1981). In the pigeon, the e x p e riments wer e  performed dur i n g  the scotophase, m a i n l y  at the time when a peak of aMT was detected by r a d i o i m m u n o a s s a y  (= RIA ; Voisin et al., 1982).
a. Pineal organ of the parakeet
In a first in-vivo autumnal exper i m e n t  using the parakeet (Collin et 
al., 1982), the animals wer e  injected i.p. with ( ) -HW (i) at the onset of darkness, then m a i n t a i n e d  in darkness and killed 15, 45, 60 min later, or (ii) dur i n g  the f irst three hours of darkness and then killed after 60min. F r o m  the detailed qua l i t a t i v e  and q u a n t i t a t i v e  c h r o m a t o g r a p h i c  study of indoles produced f r o m  (JH)-HW, it appears that the p r e cursor was m e t a b o l i z e d  to 5 - h y d r o x y t r y p t a m i n e / 5 - m e t h o x y i n d o l e - 3 - a c e t i c  acid (HT/MA), 
N - a c e t y l - 5 - h y d r o x y t r y p t a m i n e  (aHT), 5-hydroxytryptophol (HL), MT, 5-me- 
t h o x y t r y p t o p h a n / 5 - h y d r o x y i n d o l e - 3 - a c e t i c  acid (MW/HA), melato n i n / 5 - m e t hoxytryptophol (aMT/ML). aMT/ML, the main met a b o l i t e s  of HT, increased with time after onset of darkness. W h a t e v e r  the experimental series and pineal portions, tissue sections t r eated for r a d i o a u t o g r a p h y  dis p l a y e d  a high labeling in most of the m o d i f i e d  phot o r e c e p t o r  cells, char a c t e r i z e d  by the presence of DCV. Other cell types we r e  never sign i f i c a n t l y  labeled.
In a second in-vivo e x p e r i m e n t  c a rried out in summer, parakeets we r e  
injected i.p. wi t h  ( n ) - H W  at di f f e r e n t  times of the 24h light/dark 
(16L/8D) cycle (in preparation). I r respective of the time of treatment, duri n g  the p hotophase or the scotophase, r a d i o a u t o g r a p h y  comb i n e d  with thin layer c h r o m a t o g r a p h y  showed that m o d i f i e d  p h o t o receptor cells are c a p a b l e  of the biosyn t h e s i s  of 5 - m e t h o x y i n d o l e s  (MW, MT, MA, ML, aMT and 0 - a c e t y l - 5 - m e t h o x y t r y p t o p h o l  : aML). The amounts of these indoles d i s ­
played a c i r cadian r h y t h m  except that of aML and MA, w hich w e r e  always 
low ; aMT r e ached its m a x i m u m  level duri n g  the dark phase.
In parallel to the autumnal in-vivo exper i m e n t  (see above), five
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groups of isolated pineal organs wer e  incubated in-vitro, just at the 
be g i n n i n g  or wit h i n  the first hours of the scotophase, with a 20min pulse of (3H)-HT, then post i n c u b a t e d  for 15, 30, 45 and 55min with a radio i n e r t  m e d i u m  (Juillard et al., 1983). F r o m  the q u a l itative and q u a n t i t a t i v e  c h r o m a t o g r a p h i c  study of indole com p o u n d s  produced f r o m  (3H)-HT, the 
s y n thesis of HT/MA, aHT, HL, MT, aMT/ML and HA was c l early evident. r H ) - m e t a b o l i t e s  we r e  also rele a s e d  into the p o s t - i ncubation medium. 
Alth o u g h  some q u a n t i t a t i v e  biochemical d i f f erences were found between the 
in-vitro and in-vivo e x p eriments, only modi f i e d  phot o r e c e p t o r  cells 
di s p l a y e d  selective r a d i o a u t o g r a p h i c  reactions.
b. Pineal organ of the pigeon
In several in-vitro e x p e riments co n d u c t e d  during the spring season (Voisin et al., 1983 and ref.), the cell type r e s p o nsible for the nocturnal indole m e t a b o l i s m  was identified. After a % h o r t - t e r m  incubation 
or organ c u lture in the presence of r H ) - H W  or ( ) - H T , the relative amounts of d eaminated and a cetylated indoles we r e  measured by the use of c h r o m a t o g r a p h y  with or w i t h o u t  a p p l ication of inhibitors of mo n o a m i n e  o x i d a s e  and cyclic n u c l e o t i d e  p hosphodiesterase. Irrespective of the experimental conditions, r a d i o a u t o g r a p h y  combined with r a d i o b i o c h e m i s t r y  showed that onl y  m o d i f i e d  p h o t o r e c e p t o r  cells d i splay a significant  labeling.
c. CRL (here modif i e d  phot o r e c e p t o r  cells) are the indolergic  cells in the pineal organs of the parakeet, the pigeon and the common lizard
In the in-vivo e x p e r i m e n t s  the long rad i o a c t i v e  signal (up to 60min, after i.p. injection of (JH)-HW) was of p articular interest (see 
discu s s i o n  in Collin et al., 1982). Taking into account the fac t  that the 
m e t a b o l i s m  of (JH)-HW, as shown biochemically, paralleled a permanent 
uptake of this precursor and that the s e l ective radioau t o g r a p h i c  reactions  wer e  always and e x c l u s i v e l y  f o u n d  in CRL, it was assumed that t hese cells take up, retain and m e t a b o l i z e  C 5H)-HW f r o m  the very b e g inning onset. All steps of indole m e t a b o l i s m  appear to be present in CRL. The storage sites of exogenous indoles corre s p o n d  to those of e ndogenous HT, as can be 
d e m o n s t r a t e d  by means of the F a l c k - H i l l a r p  te c h n i q u e  (Juillard et al., 
1977 ; Voisin et al., 1982). Indoles are produced and stored in the perikaryon, mainly in the branched basal pedicles of the CRL of the parakeet. As suggested f r o m  other e x p e riments (Ralph, 1976), CRL prob a b l y  r e lease indole met a b o l i t e s  d i r e c t l y  into the bloodstream. In the pigeon, indoles are found in the di f f e r e n t  c o m p a r t m e n t s  of the CRL, except in the outer segment. In addition, it has been noted that the r e t ention of these products during the experimental procedure was excellent in-vivo and good in-vitro ; indoles wer e  f ound in CRL over the 24h-cycle.
In sum these results allow to conc l u d e  that modif i e d  phot o r e c e p t o r  cells of the parakeet and the pigeon are indolergic. Taking into account that in p r e l i minary exp e r i m e n t s  wi t h  the common lizard (Collin, 1979 and unpublished), the ra d i o a u t o g r a p h i c  reactions after (JH)-HW in-vivo uptake w e r e  high and selective at di f f e r e n t  times of the 24h-cycle, a similar concl u s i o n  is derived for the r u d i m e n t a r y  (= modified) phot o r e c e p t o r  cells of this reptile (see also Collin, 1979).
2. Teleost fish (pike)
Several di f f e r i n g  m e t h o d o l o g i e s  have been used by Falcon et a l . (see
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Falcon, 1984) to d e m o n s t r a t e  that CRL (i.e., c o n e-like and modif i e d  
pho t o r e c e p t o r  cells) are indolergic.
The storage sites of endog e n o u s  indoles w e r e  invest i g a t e d  wi t h  or 
w i t h o u t  pharmacological treatments. H W / H T  (and possi b l y  MW and MT) wer e  visua l i z e d  by means of the F a l c k - H i l l a r p  technique. F l u o r o p h o r e s  were main l y  d i s t ributed in CRL, p a r t i c u l a r l y  in their inner segments, cell bodies and in rosettes c o r r e s p o n d i n g  to aggregates of p h o t o r e c e p t o r  cell pedicles. Using antisera against HT, aHT and aMT, the im m u n o r e a c t i v e  light- and e l e c t r o n - m i c r o s c o p i c a l l y  d e t e c t e d  products w e r e  c o n f i n e d  to the two types of CRL. However, low levels of an aMT-like im m u n o r e a c t i v y  were 
also present in CIL at least at the beginning of the photophase. In 
addition, c y t o c h e m i s t r y  and RIA allowed to show c i r cadian v ariations of the c o n c e n t r a t i o n s  of HT, aHT, aMT and MT (Falcon, 1984, for more details). Since HT, aHT and aMT wer e  found only or mai n l y  in CRL, it was strongly suggested that CRL not only store but also s ynthesize these indoles. The f o l lowing c o m p l e m e n t a r y  exp e r i m e n t s  support this view :
F r o m  in-vitro exp e r i m e n t s  using thin layer,c h r o m a t o g r a p h y ,  the m e t a ­
bol i s m  of e x o genous indoles, (JH ) - H T  and (JH)~aMT, was investigated  
(Falcon, 1984). The uptake and m e t a b o l i s m  of r H J - H T  resu l t e d  in the fo r m a t i o n  of HA, HW, MW, HL and ML ; the concen t r a t i o n s  of MT, aHT, aMT and MA wer e  low or very low. The rad i o a u t o g r a p h i c  labeling, found c oncurrently, was m a i n l y  present in both types of CRL. (^HJ-^MT was co n v e r t e d  mai n l y  in (JH )- M L , possibly after deac e t y l a t i o n  of i H)-aMT, foll o w e d  by the ox i d a t i v e  dea m i n a t i o n  of the neosynt h e s i z e d  (J H)-MT. A l t h o u g h  biochemical c o m p l e m e n t a r y  data are nec e s s a r y  in fish, Falcon 
(1984) suggests that the pathways of indole m e t a b o l i s m  may be more c o mplex than t h o s e  p reviously d e s cribed in the pineal of birds and mammals.In-vivo uptake of (JH)-W resu l t e d  in a labeling mai n l y  or exc l u s i v e l y  present in CRL (Falcon et al., 1980). A f t e r  in-vivo and in-vitro upt a k e  of (^Hl-HW, silver grains we r e  d i s t r i b u t e d  in all CRL and CIL or m a i n l y  in CRL, d e p ending on the state of inhibition of the o x i dative d e a m ination 
pathway (Falcon et al., 1980).
Tak i n g  into account (i) the sites of some enz y m a t i c  activities, (ii) a 
partial extra c t i o n  of indoles during the p rocessing of pineals for cytology, and (iii) a partial d i f fusion in CIL, Falcqn (1984) d i s cusses the signif i c a n c e  of the re a c t i o n s  after uptake of the (JH)-indoles.
F r o m  this body of c o m p l e m e n t a r y  data for the pineal organ of the pike, 
Fal c o n  (1984) comes, for the f irst time in Anamnia, to the concl u s i o n  that 
co n e - l i k e  and modi f i e d  phot o r e c e p t o r  cells are indolergic. T h e s e  CRL synth e s i z e  and store indoles w hich are probably released into the b l o o d s t r e a m  and CSF. The read e r  is also refered to a pertinent rev i e w  on the pineal organ of fishes by Mc N u l t y  (1984).
3. HannaIs (rat, rabbit and hamster)
3The validity of the labeled sites after in-vitro uptake of ( H )-HT was exam i n e d  in the pineal of the rat by the use of high r esolution  radioautography, c h r o m a t o g r a p h y  and liquid-sc i n t i l l a t i o n  counting (Juillard et a l ., 1984).Duri n g  the scotophase, MT, aHT, aMT/ML, HA, MA, HL, aML w e r e  formed 
f r o m  r H ) - H T .  The c o r r e s p o n d i n g  selective radioau t o g r a p h i c  r e a ctions were 
observed in the sympathetic nerve terminals, but wer e  mi s s i n g  after bilateral surgical removal of superior cervical ganglia. In contrast, a
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scarce and diffuse labeling was d i s t ributed in pinealocytes and i n t e r s t i ­tial cells of both u n t reated and gang!i o n e c t o m i z e d  rats. Similar  
radioau t o g r a p h i c  reactions wer e  obtained in the hamster and the rabbit.
The fixative and other fluids used in the ra d i o a u t o g r a p h i c  routine t e c hnique were inadequate for the visualization of the sites of indole m e t a b o l i s m  in the ma m m a l i a n  pineal cells. The loss of indoles (57 %) was considerable, in compa r i s o n  to the a b o v e -studied vertebrates, when similar t echniques we r e  used. Indole binding m o l ecules (e.g., indole binding proteins) wer e  suggested to be res p o n s i b l e  for the specie s - d e p e n d e n t  
d i f f erences among vertebrates.
C. CON C L U S I O N S  CONCE R N I N G  CRL, CIL, AND SYMPATHETIC AND C E NTRAL A XONS
The a b o v e - mentioned recent results, obtained at the cell u l a r  level, allowed to increase sub s t a n t i a l l y  our k n o wledge on indolergic cells. Unfortunately, so far only few n o nmammalian species have been examined. All steps of indole m e t a b o l i s m  depend on an enzymatic m e c h a n i s m  in CRL 
(i.e. : co n e - l i k e  photore c e p t o r s  in the pike, and modi f i e d  p h o t o receptor  cells in the pike, lizard, parakeet and pigeon) (Collin, 1979). The compar t m e n t s  of CRL, involved in indole metabolism, have been outl i n e d  (Collin, 1979 ; Collin et al., 1982 ; Juillard et al., 1983 ; Voisin et al., 1983 ; Falcon, 1984). Most enzymes are active in the cytosol, except m o n o a m i n e  oxidase which is a ssociated wi t h  the outer memb r a n e  of 
m itochondria, the m e m branes of the e n d o plasmic reticulum, and also those of the nuclear envelope and (mainly in the pike) the plasma memb r a n e  
(Juillard and Collin, 1979 ; Falcon, 1984). T r y p t o p h a n - 5 - m o n o - o x y g e n a s e  is apparently not present in m i t o c h o n d r i a  (ref. in Collin, 1979 ; Hamon, personal c o m m u n i c a t i o n ) . The use of antibodies against e n zymes of indole m e t a b o l i s m  may lead to a greater precision conce r n i n g  the d i s t r i b u t i o n  of enzymes dur i n g  a 24h-cycle. However, ultracytochemical techn i q u e s  for d e t ection of the sites of t hese activities will be most important.
The func t i o n  of CIL is not f u l l y  u nderstood although they are, at least in some species (e.g. in the pike), involved in the uptake of indole precursor(s), p receeding that in the CRL. A d i f fusion of m e t a b o l i t e s  (e.g. HT) fro m  CRL to CIL was also h y p othesized (Collin, 1979). In CIL the o x i dative d e a m ination serving the p roduction of HA is very apparent (Collin, 1979). A study on the distri b u t i o n  of enzymatic activities will be very useful for clar i f i c a t i o n  of the role of CIL in indole metabolism.
The functional signif i c a n c e  of the uptake of HT by ort h o s y m p a t h e t i c  
nerve t e r minals in some avian and m a m malian species remains apparently 
uninterpreted. In this c o n t e x t  the role of central serotonergic nerve fibers is unknown.
II. CYTOLOGICAL ASPECTS OF PROTEIN SECRETION IN THE PINEAL ORGAN OFVERTEBRATES
This survey will c o n c e n t r a t e  exc l u s i v e l y  on hypothetical e xportable peptides. Since this topic has been reviewed recently, only a brief comment will be made (Collin, 1977, 1979, 1981 ; Collin and Oksche, 1981 ; Pévet, 1983 and ref.).
As a rule, peptides m a y  be f ound in all pineal cells. To date, the studies wer e  main l y  focu s s e d  on CRL, CIL and effe r e n t  axons.
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A. CRL and CIL
With the use of bioassay, RIA and i m munocytochemistry, substance(s) 
i m m u n o l o g i c a l l y  similar to c e rtain peptides have been reported to occur m a i n l y  in the ma m m a l i a n  pineal (ref. in Pévet, 1983 ; Rix et al., 1981). With antisera against LH-RH, o(-MSH, somatostatin, AVT, angiotensins I and 
II, angiotensinogen, very similar, if not identical, staining patterns wer e  obser v e d  in the rat (Rix et al., 1981). Several cyt o l o g i s t s  thought that this staining is c o n f i n e d  to unid i e n t i f i e d  parenchymal c ells and t heir processes, di f f u s e l y  d i s t r i b u t e d  throu g h o u t  the gland. On the contrary, Rix et a l . (1981) suggest that these immun o r e a c t i o n s  were restr i c t e d  to the e x t r a c e l l u l a r  p e r i v a s c u l a r  compartment, an i n t e r p r e t a ­tion partly accepted by Pévet (1983) (see also Piekut and Knigge, 1982). A c c o r d i n g  to some authors, LH-RH is present only in efferent fibers (see below). All t hese authors argue that the antibodies cross react with co m p o u n d s  which are not identical to the genuine peptides. In this 
context, it is believed by several groups (ref. in Pévet, 1983) that the identi f i c a t i o n  of AVT, previ o u s l y  consi d e r e d  as a m a m malian pineal hormone, is an error. However, Prechel et a l . (1983) conc l u d e  that no data are a v a ilable to prove or d i s p r o v e  the t e n tative identification of AVT.Thus, i m m u n o c y t o c h e m i s t r y  did not give c l e ar-cut evid e n c e  for the 
o c c u r e n c e  of one of the known neur o p e p t i d e s  in CRL and/or CIL.
Nevertheless, f r o m  ultrastructural obser v a t i o n s  and u l t r a c y t o c h e m i s t r y  it is e v ident (Collin, 1977 ; 1979, 1981 ; Collin and Oksche, 1981 ; Pévet, 1983) that m o d i f i e d  p h o t o r e c e p t o r  cells and p i n ealocytes (and possibly co n e - l i k e  p hotoreceptors) are c apable of protein secretion. The e n d o m e m b r a n o u s  sys t e m  (i.e. the c o m p l e x  rough e n d o p lasmic r e t i c u l u m — ■- 
Golgi apparatus — ►  DCV) is, in a n alogy to other p e p t i dergic neurons or 
e n d o c r i n e  cells, involved in protein secretion. Collin (1981) p ostulated 
that (a) specific peptide(s) termed "pinealin(s)" stored in the s e c retory 
gran u l e s  arise f r o m  the p rocessing of a precursor, or possibly several precu r s o r s  in the en d o m e m b r a n o u s  system. The neurohormonal activity of this (these) peptides is still purely hypothetical. The cytological studies on the i n f luence of di f f e r e n t  agents, w h i c h  s t rengthen the cytological data on protein secretion, do not belong to the scope of this 
surv e y  (see Pévet, 1983 and f o l l o w i n g  papers). Finally, although there 
exists also some i n dication of a protein secretion in CIL, the data are 
still not cohe r e n t  enough to be revi e w e d  here.
B .  EFFERENT P E P T I D E R G I C - L I K E  AXONS OR EFFERENT MULTIMESSENGER AXONS ?
Functional i n t e r e l a t i o n s h i p s  between central nervous syst e m  and the pineal organ have been s u g gested by several i nvestigators of efferent 
neurons (Ueck, 1979 ; Kor f  and Meiller, this volume).
Several authors have repor t e d  that effe r e n t  axonal terminals, filled 
with s e l e c t i v e l y  sta i n a b l e  (" G o m o r i - p o s i t i v e " ) n e u r o s e c r e t o r y  material, or " n e u r o s e c r e t o r y  fibers" d i s p l a y i n g  e l e m e n t a r y  granules in EM, occur in the pineal of a number of v e r t e b r a t e  species. Recently, anti s e r a  generated against some proteins and peptides revealed i m m u noreactive material in certain nerve fib e r s  of hig h e r  vertebrates.
In the rat, o x y tocin- and vasopr e s s i n -  i m m u noreactive fibers o r i g i ­
nating - at least partly - f r o m  the m a g n o c e l l u l a r  nuclei, wer e  tra c e d  up 
to the level of the stalk and anterior part of the pineal (Buijs and Pévet, 1980 : ref. in Pévet, 1983). In the hedgehog (Nürnberger and Korf, 1981), similar fib e r s  emer g e  f r o m  the dorsal portion of the p a r a v e n t r i c u ­lar nucleus and then enter the pineal organ w h e r e  they m a i n l y  o ccur in the
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central portion and s e c o ndarily at the periphery. The m a j o r i t y  of these 
fibers is i ntimately re l a t e d  to the capillaries, w h ereas onl y  few elements are s c a ttered t h r o u g h o u t  the pineal parenchyma. Similar o b s e r v a t i o n s  wer e  also repor t e d  in the dog (Matsuura et al., 1983). In rat, hedgehog and dog, t hese fibers e nter the pineal gland via the habenular c o m m i s s u r e  and in j u x t a p o s i t i o n  with the subcommissural organ. Substances i m m u n o l o g i c a l l y  r e s e m b l i n g  n e u r o physin (pigeon), LH-RH (squire! monk e y  ; dog), s o m a t o s t a ­
tin (rat), substance P (cat), VIP (cat, pig, rabbit) wer e  also f ound in c e rtain fibers (ref. in Pévet, 1983 ; M a t s u u r a  et al., 1983).
T hese first data on the s torage sites of some peptides suggest that nerve fibe r s  of central origin c ould play a role, e.g., in the control of the messages d e l ivered by pineal cells, or in local blood f l o w  and/or in effects on distant targets.Additional c o m p a r a t i v e  ultrastructural and ultracytochemical studies 
w o u l d  be welcomed. Wh a t  are the d i f ferent types of pineal efferent 
fibers ? Does each type emp l o y  several me s s e n g e r  c o m pounds (one or more 
peptides and small molecules, i.e. amino acids, amines, acetylcholine) ? 
T h e r e  is m o u n t i n g  evide n c e  that e n d o c r i n e  cells as well as neurons h a rbour in t heir vesicles or granules a set of substances including several m e s s e n g e r s  and o c c a s i o n a l l y  mo r e  than one m e s senger peptide. Peptides arise f r o m  the p r ocessing of one or several precursors produced in the 
same cell type.In summary, studies a pplied to effe r e n t  neurons have barely begun. The 
m e s s e n g e r s  of efferent fibers might c o m m u n i c a t e  locally or at distance. A dis t i n c t i o n  between neurotra n s m i t t e r s ,  neurome d i a t o r s  and possibly n e u r o ­hormones is also needed (Nürnberger and Korf, 1981).
III. CRL : INFORMATIONAL MOLECULES AND PHYSIOLOGY
A. GE N E R A L  C O N S I D E R A T I O N S  (PINEAL FUNCTION)
Pineal organs are p r i m a r i l y  c o n c e r n e d  wit h  adaptation to env i r o n m e n t  ; in this conne c t i o n  direct re s p o n s i v e n e s s  to light remains their sine qua non (Ralph, 1983). They are involved in temporal o r g a n i z a t i o n  of physiological processes and represent a c o m ponent in one of the circuits by w h i c h  p h o t operiod synch r o n i z e s  c i r cadian rhythms (Ralph, 1983). C o n c e r n i n g  the many fu n c t i o n s  ascribed to pineal organs, t here are 
dif f e r e n c e s  among groups of vertebrates. The p h o t o p eriodic inf o r m a t i o n  is t r a n s l a t e d  into signals that are most "advantageous" to the species, e.g., the pineal affects r e p r o d u c t i o n  a p p a r e n t l y  onl y  in a number of species.Altho u g h  the sites of action of n e u r o s e n s o r y  and hormonal mess a g e s  of pineal organs may be different, ma n y  of t hese effects are medi a t e d  by s p e c ialized regions of the brain.
The afferent neurons p o s t s y n a p t i c a l l y  linked by m eans of (a) 
n e u r o t r a n smitter(s) to c o n e - l i k e  photoreceptors, project in teleosts and 
anurans to the re t i c u l a r  fo r m a t i o n  of the br a i n s t e m  and may serve 
pho t o t a c t i c  reactions, the control of t h e r m o r e g u l a t o r y  b e h aviour and some unknown a c t i v a t i n g  mechanisms. The h y p o t h a l a m i c  p rojection may be involved  in c i r cadian and ne u r o e n d o c r i n e  fu n c t i o n s  (Oksche, 1984).aMT, often c o n s i d e r e d  as a potential pineal hormone, acts at d i f ferent sites, but many of its e f fects are m e d i a t e d  by the hypothalamus. This indole is involved in a num b e r  of well e l u c i d a t e d  f u n ctions (reproduction, 
thermo r e g u l a t i o n ,  cir c a d i a n  r h y thmicity) and in color c hanges (Ralph et 
al., 1979 ; Ralph, 1983 ; Reiter, 1983 ; McNulty, 1984). A c c o r d i n g  to 
Ralph (1983) aMT is a key m o l e c u l e  a f f ecting adaptation to annual events,
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in invoking app r o p r i a t e  "programs" w hich permit an animal to anticipate 
seasonal changes. Besides aMT and ML (apparently released f r o m  pineals), MT dese r v e s  m e ntion as possible hormonal agent (Reiter, 1983). Ac c o r d i n g  
to Rei t e r  (1983), the data c o n c e r n i n g  pineal peptides, mainly studied in 
mammals, remain open to discussion.
B. CRL AND T R A N S L A T I O N  OF P H 0 T 0 PERI0DIC STIMULI INTO INFORMATIONAL 
M O L ECULES
1. Cone-like photoreceptor cells (Fig. 1)
The presence of these cells, e s t a b l i s h e d  in petromyzontids, fishes, 
amphibians, chelo n i a n s  and lacertilians, still remains hypothetical in 
birds.
a. No n - i n d o l e r g i c  c o n e - l i k e  p h o t o r e c e p t o r  cells (= CP)
A c c o r d i n g  to Meiniel (1981), it was not possible to vi s u a l i z e  the presence of HT in CP of the brook lamprey. In the common lizard (ref. in 
Collia, 1979 and Meiniel, 1981) and the lamprey (Meiniel, 1981), an uptake 
of (3H ) - 5 - H T P  and/or re t e n t i o n  of its met a b o l i t e s  in CP was not 
significant.
The interpr e t a t i o n  of t hese results requires c o m p l e m e n t a r y  i n v e s t i g a ­
tions. There are two altern a t i v e s  : either these cells are really not serotonergic, or the y  are dev o i d  of this material due (i) to a rapid 
me t a b o l i c  breakdown or r e l e a s e  of HW/HT, and/or (ii) to the limitations 
of the f l u o r e s c e n c e  and r a d i o a u t o g r a p h i c  t echniques (Collin, 1979 ; 
J u i l l a r d  et al., 1984 ; Falcon, 1984).
C o m p l e m e n t a r y  exp e r i m e n t s  appear to be n e c essary before concl u d i n g  d e f i n i t i v e l y  that in some pineal organs transducers exist w hich can produce only neural messages, by means of an uniden t i f i e d  ne u r o t r a n s m i t t e r  d e l i v e r e d  at the ribbon synapses, in resp o n s e  to p h o t o periodic information (Collin, 1977). This unknown n e u r o t r a n s m i t t e r  is supposed to be stored in 
e l e c t r o n - l u c e n t  synaptic vesicles (Collin, 1969). In addition, DCV which 
store a protein secretion in CRL of amniotes are also present in the CP of the lamprey and the lizard (Collin, 1969). Therefore, the present dat a  are still incom p l e t e  to d i smiss d e f i n i t i v e l y  (i) the presence of informational mo l e c u l e s  di f f e r e n t  fr o m  a n e u r o t r a nsmitter, and (ii) a possible secretory  
(endocrine ?) role of CP (Collin, 1971).
b. Indolergic c o n e - l i k e  p h o t o r e c e p t o r  cells (= ICP)
Typical co n e - l i k e  p h o t o r e c e p t o r  cells, as shown in the brook lamprey, some fishes and a p p a r e n t l y  also in the fro g  store HT (Section I). The c o m p l e m e n t a r y  exp e r i m e n t s  of Falc o n  (1984) enable to conc l u d e  in the pike, 
that they are i ndolergic (Section I).Alth o u g h  aMT has been c o n s i d e r e d  as a potential h o rmone in several groups of vertebrates, it was m e n t i o n e d  that this informational mole c u l e  (and p o s s i b l y  o ther 5 - m e t h o xyindoles) may be employed also as parahormone or n e u rotransmitter, de p e n d i n g  on the tissue or functional demand (Ralph, 1983 ; Oksche, 1984). Gern (ref. in Ralph, 1983) p ostulated also that aMT, 
a c h a r a c t e r i s t i c  product of c i l i a t e d  p h otoreceptors, has an action within 
these cells.A c c e p t i n g  that aMT (and poss i b l y  o ther 5-methoxyindoles) c o r r e s p o n d  to
101
BIRDS?
T U R T L E S ,  LIZ ARD S
A M P H IB IA  
L A M P R E Y S , FISH
MAMMALS
TURTLES, LIZARDS,BIRDS




S H A K E S
C0I1E-LIKE PHOTORECEPTORS HODIHED PHOTORECEPTORS IftlEALOCYTES
LAMPREYS?
4
FIG. 1. Principal cell types of the receptor line (CRL) : CP, ICP, MP, HHP and Pi (see list 
of abbreviations), In (intermediate cell types). Note the distribution of the different 
types of CRL in the individual classes or orders of vertebrates.
INPUTS : Direct transduction of photoperiodic information (Light/Dark : L/D) may occur 
in CP, ICP and HP. Indirect transduction takes place only in Pi (ß : ß-receptor ; E : 
eye ; NA : noradrenaline ; MSP : multisynaptic pathway ; 0 : oscillator ; ONT : 
orthosympathetic nerve terminal).
OUTPUTS : The physiological activity of the cells varies in a periodic »anner (period 
of, or close to, 24h : (/)). Three .essenger substances are indicated,
. I : only ICP, HP and HHP of a number of species have been shown to be indolergic 
(see text).
. N : corresponds in CP or ICP to an unknown neurotransmitter. The signals are passed 
to the brain via afferent neurons (NR).
. P : proteic secretory »aterial (peptides : pinealins) located in secretory 
granules j its release fro. CRL remains to be definitively established in most 
vertebrates.
(ca : capillary ; cb : cellular body ; is : inner segment ; os : outer segment ; pe : 
synaptic or asynaptic process).
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(a) n e urohormone(s) (see also de Vlaming and Olcese, 1981 ; McNulty, 1984), but not exc l u d i n g  other functions, Falcon (1984) e m phasizes that 
ICP in the pike are p h o t o n e u r o e n d o c r i n e  c e l l s .The da y / n i g h t  c h anges of (i) indole contents (Falcon, 1984 and ref.), (ii) e n z ymatic activities i m plicated in indole m e t a b o l i s m  (ref. in 
McNulty, 1984 ; Falcon, 1984), and (iii) electrical r e s ponses (Falcon and 
Meissl, 1981) permit to conc l u d e  that ICP of the pike translate 
p h o t o periodic stimuli into two c a t e g o r i e s  of signals :(i) a signal is passed to the brain by means of an unknown n e u r o t r a n s ­mit t e r  released at the ribbon synapses between ICP and afferent 
neurons ;(ii) indolic signals (i.e. 5 - m ethoxyindoles) which, in addition to 
possible local actions, probably act on extrapineal target tissues.
In s e rotonergic co n e - l i k e  photor e c e p t o r s  of most lower v e r t e brates DCV have been observed. As in CP their functional significance is still unknown.
Alth o u g h  the p h o t o p e r i o d i c  inf o r m a t i o n  is supposed to be the principal 
input, it was hypot h e s i z e d  that ICP could transduce other inputs received 
either via efferent nerve fib e r s  or by a hormonal type of action (Falcon, 
1984).
2. Modified photoreceptor cells (one or several types ?) (Fig. 1) 
a. Modi f i e d  phot o r e c e p t o r  cells (= M P )
Well r e p r esented in chelonians, lacertilians and birds, they have been 
p reviously d e s cribed and ter m e d  "rudim e n t a r y  phot o r e c e p t o r  cells" (Collin 
and Oksche, 1981). Such c ells wer e  also found in the pike (Falcon, 1984). In the brook lamprey th e y  are r e l a t i v e l y  scarce (Meiniel, 1981).
In the retina, as well as in the pineal organ of submammalianvertebrates, basic functional events take place in the outer segment and
the synaptic p e dicle of p h o t o r e c e p t o r  cells. Such events have been 
p a r t i c u l a r l y  well studied in retinal rods. Light causes a conformational 
chan g e  in r h o dopsin and t h i s ^  through the action of a second messenger, results in the cl o s i n g  of Na channels in the plasma membrane, t h ereby h y p e r p o l a r i z i n g  the cell and d e c r e a s i n g  its output of neurotransmitter. The signal is passed via a chain of neurons to the brain. If the term "photo r e c e p t o r  cell" is i n t e rpreted in the conventional sense, in analogy to the rods, some CRL of the pineal organ cannot be regarded as
conventional photoreceptors.
Between CP/I C P  and MP t h e r e  are two m ajor dif f e r e n c e s  which concern the polar cellular s tructures :
(i) CP and ICP show ribbon synapses serving, under p articular conditions, the deli v e r y  of signals to other neurons afferent to the brain. On
the contrary, in MP, the basal pedicle of o r i g i n a l l y  synaptic c h a r a c t e r  becomes i n d e p endent of neurons and projects t o wards the external surface of the paren c h y m a  d i s p l a y i n g  s e c r e t o r y  polar te r m i n a l s  (Collin, 1969, 1971, 1977 ; Collin and Oksche, 1981 ; Collin et a l ., 1984). This "new" structural situation, as well as the 
results f r o m  electroph y s i o l o g i c a l  studies (ref. in Collin et al., 1984), speak in MP against the prese n c e  of a s e nsory c a p a c i t y  (in the classical sense) for direct nervous responses to light.
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(ii) The structure of the outer segment of MP has been c o n s i d e r e d  to be rudimentary, in c o mparison to that of CP and ICP. However, recent 
data (for references, see Collin et a l ., 1984 ; Oksche, 1984) suggest 
th a t  MP might still r e p resent a functional l i g h t - sensitive unit, 
although this remains to be d e f i n i t i v e l y  established. The electro- 
physiological studies of Falcon and Meissl (1981) shows that MP of the pike are photosensitive.
The c o e x istence of several s e c retory products (indoles and "peptides") has been established in lizards and in a more detailed study in the avian material (ref. in Collin, 1979, 1981 ; Collin et al., 1984). In all these 
species, MP are indolergic and "peptidergic" cells ("see above). Espec i a l l y  in birds, it was shown f r o m  numerous e x p e riments that the cont e n t s  of e ndogenous indoles or the in-vivo and in-vitro release of melatonin, and also enzymatic activities of indole m e t a b o l i s m  undergo striking d a y -night changes in response to p h o t o p eriodic information (Ralph, 1976 ; Takahashi 
et al., 1980).
Together these data enable to propose a hypothesis according to which 
MP convert the photoperiodic information into non-neural responses (pr o b a ­
bly neurohormonal responses). The neurohormonal responses are medi a t e d  by active indoles (5-methoxyindoles), as has been shown in the pike, in the lizard, the parakeet, and the pigeon (see above). In sauropsids, these r e s ponses might also have a peptidic character, although it is still not e s t a b lished w h ether the protein secretion is identical with a peptidic 
neurohormone(s) (Section II). Ac c e p t i n g  the fact that, in MP, one or more 
5-methoxyindole(s) c orrespond to neurohormones, it may be suggested that 
MP represent another g roup of p h o t o n e u r o e n d o c r i n e  c e l l s .
The m echanisms of t r a n s l a t i o n  taking place in MP are of a particular interest (Collin et a l ., 1984). The pineal, an important c o m ponent of the avian biological c lock is, at least in some birds, consi d e r e d  as an oscil l a t o r  although not se l f - s u s t a i n e d  (e.g., in the chicken), since its 
rhy t h m i c i t y  may damp after 2-4 cycles in D/D (ref. in M e naker and Binkley, 1981). The chicken pineal contains mult i p l e  oscillators (for references see C a ssone and Menaker, 1983 ; Collin et al., 1984).Con s i d e r i n g  that indolergic MP might be photosensitive, in c omparison with the other cell types of the avian pineal (CIL and rare neurons), they  appear as the best c andidates for a capacity as pacemakers. In other words, MP, at least in some species, may c o ntain a c i r cadian oscillator, 
s y nchronized by the light-dark cycle via a l i ght-sensitive unit (in the outer segment ?) and d e t e r m i n i n g  the rhythms of synthesis and/or release 
of neuroen d o c r i n e  messages (e.g., aMT). Cassonne and M e naker (1983) have shown that the orthosym p a t h e t i c  input f r o m  the superior cervical ganglia help to sustain the rhy t h m i c i t y  of the c h icken pineal by the release of noradrenaline, p resumably a result of an active r egulation m e c h a n i s m  in uniden t i f i e d  circadian osc i l l a t o r s  of the brain. It has been suggested that n o r a d r enaline in vivo or in vitro inhibits aMT synthesis.
In summary, the c y t o p h y s i o l o g i c a l , biochemical and physiological data implicate the f o l lowing question : Do MP (or certain MP) represent circadian oscillators (see Collin et al., 1984, for more details) ?
b. High l y  m o d i f i e d  p h o t o r e c e p t o r - like cells (HMP)
As already pointed out above, MP do not belong to the cate g o r y  of
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conventional p hotoreceptors. In addition, polar s tructures (outer s e g ­
ments) w h i c h  are a p r e r e q u i s i t e  of t r a n s d u c t i o n  may be e x t r e m e l y  regressed  or even absent in some CRL. Here, pineal o c y t e s  "sensu stricto" (= Pi : Collin, 1969, 1971 ; Oksche, 1971 ; Collin and Oksche, 1981) and HMP, can be concerned.
Such HMP wer e  f ound in chelonians, lacertilians and birds (Collin, 
1969, 1971 , 1977 ; Collin and Oksche, 1981), and o c c a s i o n a l l y  also in 
m a mmals (ref. in Collin, 1977). In ultrathin sections HMP may m a i n t a i n  an 
e q u i v a l e n t  of the o uter segment c o r r e s p o n d i n g  to a bulbous c i l i u m  (showing a 9 x 2 + 0 axonemal pattern), h o wever appar e n t l y  devoid of typical disks. The basal pedicle of HMP re s e m b l e s  that of MP. The rud i m e n t a r y  state or absence of a c i l i u m  raises the ques t i o n  of a dire c t  photosensitivity, since the number of m e m b r a n o u s  ph o t o r e c e p t i v e  m o l ecules might be ext r e m e l y  reduced or absent in this type of outer segment. In reptiles and birds, 
the absence of an o uter segment might depend on a sectioning artefact : 
ultrathin sections m ight d i s p l a y  i n c o m p l e t e l y  the structure of a norma l l y  reduced o uter segment. Probable cyclic changes of rud i m e n t a r y  outer segments should also be c o n s i d e r e d  (Section IV). Thus, c o m p l e m e n t a r y  in v e s t i g a t i o n s  mu s t  be c a r r i e d  out before coming to defin i t i v e  c o n c lusions  wi t h  r espect to the absence of a dir e c t  photosensitivity. In lizard, parakeet and pigeon, HMP, as d efined above, appear as indolergic and 
peptidergic cells. In accord wit h  the author's c oncept of MP, HMP are 
n e u r o e n d o c r i n e .
3. Pinealocytes (sensu stricto) (Pi) (Fig. 1)
This cell type is pre d o m i n a n t  in m a mmals and op h i d i a n s  ; it may also be found in c ertain regions of the pineal of birds and other reptilian 
orders.In the rodent pineal, indole m e t a b o l i s m  has been e x t e n s i v e l y  studied. 5-m e t h o x y i n d o l e s  are synthesized, stored and released into the blood and CSF. At the c e l l u l a r  level, our kn o w l e d g e  on this m e t a b o l i s m  is ex t r e m e l y  r e s t r i c t e d  (Collin, 1979 ; Juil l a r d  et Collin, 1980 ; Juillard et al., 1984). In Pi, the absence of a direct resp o n s e  to light is g e n erally accepted. Phot o p e r i o d i c  information is p e r ceived by the lateral eyes and 
then t r a n s f e r r e d  to the pineal via a multi synaptic neural pathway 
including an o s c i l l a t o r  (ref. in Reiter, 1981 ; Cardinali, 1983). Although we fail e d  to dem o n s t r a t e  that Pi are indolergic, it has been h y p o t h e s i z e d  that Pi tr a n s l a t e  rhyt h m i c  neural signals (by means of nora d r e n a l i n e  acting on a 8 - r e c e p t o r - c y c l i c  AMP system) into n e u r o e n d o c r i n e  messages (5-met h o x y i n d o l e s  and p o s s i b l y  peptides) (Colling 19/9 ; Jui H a r d  and Collin, 1980). It must be noted that this h ypothesis fits well into our kn o w l e d g e  of the p h y logeny of CRL and the indolergic properties of some phylo g e n e t i c  f o r e r u n n e r s  of Pi. In addition, the l o calization of 
h y d r o x y i n d o l e - O - m e t h y l t r a n s f e r a s e  in the c y t o p l a s m  of most bovine p i n e a l o ­
cytes has rece n t l y  been shown wi t h  the use of i mmunocytochemical methods 
(Kuwano et a l ., 1983).
C. C O N C L U S I O N S  : CRL OF THE PINEAL ORG A N S  ARE C O N N E C T I N G  LINKS BETWEENE N V I R O N M E N T  AND TAR G E T  SITES
In conclusion, (i) the a bove - m e n t i o n e d  physiological and cyt o p h y s i o -  
logical data and (i i ) the fa c t  that the c i r cadian patterns of biosyn t h e s i s  
of indoles (e.g. 5 - m e t h o xyindoles) and neural r e s ponses (Meissl and Dodt, 1981) c o n f o r m  wi t h  photoperiod, stro n g l y  suggest that CRL t r a n s l a t e
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phot o p e r i o d i c  information into signals by means of informational m o l ecules 
(unknown neurotran s m i t t e r ( s ) ,  indoles and possibly also peptides = 
p i n e a l i n s ) .
1. Direct transducers of photic information
CP, ICP and poss i b l y  MP r e s p o n d  to photic stimulation, but only CP and ICP send impulses to c i r c u m s c r i b e d  regions of the brain, by m eans of (an) u n i d e n t i f i e d  neurot r a n s m i t t e r ( s )  and via afferent neurons. In ICP of the 
pike, 5-m e t h o x y i n d o l e s  are syn t h e s i z e d  and stored under m a n i f e s t a t i o n  of 
cyclic changes. The r e lease of t hese pineal substances into the blood and CSF has not been verified in the lower vertebrates although it is very probable. It is stro n g l y  su g g e s t e d  that ICP tr a n s l a t e  p h o t o periodic  stimuli into both neural and hormonal rhyth m i c  outputs. Thus, CP and ICP r e p resent at the c e l l u l a r  level direct t r a n s d u c e r  units.
MP may also f u n c t i o n  as t r a n s d u c e r  units, r esponding d i r e c t l y  to 
l i ght/dark stimulation, h o w e v e r  onl y  by means of an output of hormones ( 5 - m e t h o xyindoles and possi b l y  peptides). In birds, MP might also be i n fluenced by photic mess a g e s  o r i g i n a t i n g  f r o m  the lateral eyes (Herbuté, 
1983).
2. Indirect transducers of photic information
If rod e n t  Pi indeed are indol e r g i c  (and possibly also peptidergic), cells w h i c h  are indir e c t l y  influ e n c e d  by pho t o p e r i o d  via a neuronal input r e p resent "conveyors" of e nvironmental stimuli. This concl u s i o n  is in 
accord wit h  the p ostulates of H o f f m a n n  (1981). Nevertheless, due to other 
int e g r a t i v e  functions, Pi c a n n o t  be c o n s i d e r e d  only as relay stations for 
p h o t o p e r i o d i c  mechanisms.N.B. : It is still i m p o s s i b l e  to c l a s s i f y  HMP eith e r  as tra n s d u c e r s  or " c o n v e y o r s " .
3. CRL : Multiple transducer/messenger cells ; circadian cellular clocks ?
On t h e  basis of the above comments, it is temp t i n g  to mak e  some speculations.It must be noted that the p h o t o p e r i o d i c  information t r a n s m i t t e d  via the pineal organ, by means of informational molecules, appears to be complex, due to the p l u r a l i t y  of CRL in a given pineal (Collin and Oksche, 
1981) (Fig. 1). CRL are m u l t i t r a n s d u c e r s  since they r espond pr i m a r i l y  to 
the pho t o p e r i o d  and prob a b l y  s e c o n d a r i l y  also to other environmental 
(Vivien-Roels, 1983) and hormonal (Cardinali, 1983) signals. Dur i n g  the cou r s e  of verte b r a t e  e v o l u t i o n  two types of t r a n s d u c t i o n  of environmental light signals appear to be e s t a b l i s h e d  in CRL, i.e., direct and indirect (= neural ; Pi, as d e f i n e d  above, m i g h t  re p r e s e n t  n e u r o e n d o c r i n e  t r a n s d u ­cers : Cardinali, 1983). C o n c e r n i n g  the dir e c t  type of t r a n s d u c t i o n  it 
can n o t  be d e f i n i t i v e l y  e x c l u d e d  that p h o t o s e n s i t i v e  mo l e c u l e s  (different 
f r o m  phot o p i g m e n t s  of o u t e r  segments ; cf. H a rtwig and Oksche, 1982) may 
o p e r a t e  in some CRL (e.g. HMP ?). A  p h o t o r e c e p t o r  cell m ight also tr i g g e r  CRL w hich have lost t heir dire c t  p h o t o s e n s i t i v i t y  (= indirect t r a n s d u c ­tion).CRL can also be rega r d e d  as multi m e s s e n g e r  c ells (output of dif f e r e n t  t ypes of informational m o l e c ules). M e s s e n g e r s  might act at close range 
and/or at distance. The advan t a g e s  of this type of o p e ration are still not obvious.
aMT s y n thesis and r e l e a s e  in the ma m m a l i a n  pineal gland are under the
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control of a p h o t o r e c e p t o r  (lateral eyes) and a circadian oscil l a t o r  
(suprachiasmatic nuclei). On the contrary, the pineal organs of some 
sauropsids display s i m u l t a n e o u s l y  p h o t oreceptors (CRL) and mult i p l e  osc i l l a t o r s  c apable of aMT synthesis and r e lease (CRL) (see also Menaker and Wissner, 1983). It is hypoth e s i z e d  that some CRL (e.g. MP) might represent cell u l a r  clocks.
IV. THE CONCEPT OF CRL : OUTLOOK
In life sciences models or conc e p t s  are to be r e g ularly re-evaluated, since after some time the data on w h i c h  they are based appear to be incomplete.The c o ncept of "cells of the rece p t o r  line" (CRL) was i ntroduced and de v e l o p e d  first i n d e p e n d e n t l y  and later in c o o p eration by Collin (1969, 
1971, 1977), Oks c h e  (1971), Collin and Oks c h e  (1981).
Ont o g e n e t i c  and phylog e n e t i c  c o nsiderations, based on cellular  
homologies, led to propose that pineal cells of the "photoreceptor" type can be arranged in a series or line. C l e ar-cut structural rem o d e l l i n g  of these cells is c l o s e l y  linked to functional recycling. Alth o u g h  this was never strongly emphasized, the idea of a "line", in our opinion, must be c o n s i d e r e d  in a somewhat w i d e r  sense. It would be indeed an e rror to 
reject a priori the pos s i b i l i t y  of the e x i stence of several lines (or 
sub-lines) of ph o t o r e c e p t o r s  and their homologues. Nevertheless, f r o m  the 
pineal organ of recent ver t e b r a t e s  it is d i f ficult to postulate w h e t h e r  in the ancient v e r t ebrates one or several types of primordial p h o t o r eceptor  cells w e r e  the matrix of one or several lines of "photoreceptor" cells. The d i f f e r e n t i a t i o n  of several types of typical p h o t oreceptors and their c o r r e s p o n d i n g  d e r i v atives - f r o m  a common ancestral phot o r e c e p t o r  cell - 
m i g h t  also be a plausible developmental pattern that occurred dur i n g  the 
cour s e  of verte b r a t e  evolution.
Irrespective of the numerous dat a  accumulated during the last 15 yea r s ,  Section III leaves ma n y  q u e stions open to discussion. The synopsis of CRL in this S e ction and F i g u r a  1 does not present a new c lassification. It o n l y  indicates, in c o n n e c t i o n  with the respe c t i v e  comments, some of the 
new alleys of research.
K e eping these ideas in mind and prior to try i n g  to e s t ablish a more 
c o m p l e t e  model, a great effort is required to increase our kn o w l e d g e  on the s t r u c tural-functional p roperties of the CRL. It is ne c e s s a r y  to fill gaps c o n c e r n i n g  the chemical nature and c e l l u l a r  sites of d i f f e r e n t  types of molecules, e.g. photopigments, n e u r o t ransmitters, hypothetical peptidic n e u r ohormones... Dat a  on indole m e t a b o l i s m  are far f r o m  being complete. Our k n o wledge c o n c e r n i n g  (i) homol o g i e s  among the d i f ferent d e r i v a t i v e s  of 
the dience p h a l i c  roof, and (ii) cell d i f f e r e n t i a t i o n  during ontogenesis, r e mains to be increased. In addition, d e t a i l e d  com p a r i s o n s  between CRL and other dienc e p h a l i c  ocular and e x t r a o c u l a r  p h o t o r eceptor cells w hich in their enti r e t y  m i g h t  have a comm o n  origin (Hartwig and Oksche, 1982) would  
be of a great value for e s t a b l i s h i n g  the d i f ferent lines of dience p h a l i c  
photoreceptors.Structural and m o l e c u l a r  c h anges (e.g., dur i n g  the 24h - c y c l e  and the c o u r s e  of a year) must be exam i n e d  in detail. Con s p i c u o u s  cyclic structural c h anges have been shown m a i n l y  in pho t o r e c e p t o r  cells and 
pinealocytes. F o r  example, a vivid process of the renewal of phot o r e c e p t o r 
o uter segments takes place in lower ver t e b r a t e s  (cf. Collin and Oksche, 
1981). Recent dat a  o b t a i n e d  by H a r t w i g  (1984) give clear indication of 
this renewal in the fro g  and suggest that two or more m o r p h o l o g i c a l l y  d e fined members of the r e c e p t o r  line m ight corre s p o n d  to d i f ferent
107
physiological states of a single cell type. In o ther words, CP (or ICP) and MP may r e p resent only cyclic c h anges of one and the same cellular type. Unfortunately, the c e l l u l a r  nycthemeral changes of e.g. e x p o r t a b l e 
indole m o l ecules and u l t r a s t r u c t u r e s  of synaptic pedicles w e r e  as y e t  not 
s t udied in the frog. In the co n t e x t  wit h  his findings, H a rtwig (1984) ment i o n s  that the notion of r u d i m e n t a t i o n  during evolution, as proposed by Collin and Oksche, should be r e - e v aluated. O b v i o u s l y  it cannot be exclu d e d  that reduced and typical outer segments m ight be subjected to a renewal dur i n g  a 24h-cycle. A c c o r d i n g  to our present opinion, the great 
v a r i a b i l i t y  and the r u d i m e n t a t i o n  of the outer segments in ver t e b r a t e s  may 
c o r r e s p o n d  not only to cyclic phases but also to d i f ferent genet i c a l l y -  c o n t r o l e d  stages of d i f f e r e n t i a t i o n  during onto g e n y  and ph y l o g e n y  (Collin and Oksche, 1981 ; Collin et al., 1984). In favor of this vie w p o i n t  appears to be the fa c t  that, in lower vertebrates, Pi are rare and may even be absent* but in mammals, on the contrary, typical CP or ICP wer e 
n ever found. In other words, co m p a r i n g  remote classes of vertebrates, I have some diffic u l t i e s  to i m agine that duri n g  a 2 4 h -cycle CP or ICP are 
c a pable to t r a n s f o r m  into Pi (or Pi into CP or ICP), if for e x emple fishes 
and m a mmals are compared. Are d e s y n c h r o n i z e d  patterns of m e m b r a n e  renewal 
of outer segments sufficient to e x plain w h y  in the wall lizard invest i g a t e d  in June, the b a s i c a l l y  di f f e r e n t  CP (or ICP ?) and MP  are found together at the end of the p h o t o p h a s e  (Collin, 1969) ?It must be e m p h a s i z e d  that, in Section III, onl y  pho t o p e r i o d i c  information among other stimuli has been considered. As proved by numerous authors, other e n v i ronmental, hormonal and humoral inputs i n f luence the func t i o n  of the pineal organ. Although, for instance, typical structural d i f f e r e n t i a t i o n s  for t r a n s d u c t i o n  of other environmental stimuli w e r e  not c l e a r l y  demon s t r a t e d  in CRL, it cannot be predicted how the t r a n s d u c t i o n  m e c h a n i s m s  of this type m ight i n f luence the cl a s s i f i c a t i o n  of the compo n e n t s  of the recep t o r  line.The presen t a t i o n  of CRL in F i g u r e  1 can on l y  be te n t a t i v e  since numerous crucial p arameters are still missing. The dis t i n c t i o n  between c o n e - l i k e  photore c e p t o r s  (CP and ICP) in A n a m n i a  and reptiles is based mai n l y  on the presence or absence of HT. In contrast, the d i s c r i m i n a t i o n  
between MP and VMP has been f o c u s s e d  onl y  on s t r u c t u r e - f u n c t i o n  r e l a t i o n s h i p  in the o uter segment and m ight be provisional. Falc o n  (1984) 
also me n t i o n e d  that, in the pike, his s eparation of ICP and MP m i g h t  be p r e l iminary since the p h o t o p i g m e n t s  of both cell types (Falcon and Meissl, 1981) have not been ident i f i e d  c h e m i c a l l y  and localized topograp h i c a l l y .  This means, for instance, that ICP m i g h t  be s ubdivided into two categ o r i e s  of cells, each endowed wi t h  an individual photopigment.
Thus, new s u b d i v i s i o n s  or fu s i o n s  of the present s c h ematic line of cell t ypes (Figure 1) remain disputable.
F i n a l l y  t here is a number of reasons i ndicating that a d e f i n i t i v e  c l a s s i f i c a t i o n  as well as a s u b d i vision of the original cell line sensu lato into lines sensu stricto or sub-lines will r e q u i r e  additional syste m a t i c  experimental work.
As me n t i o n e d  by Collin and Oks c h e  (1981 ; see also previous reports), 
I b e lieve that the d i f f e r e n t i a t i o n  of CRL parallels the ph y l o g e n y  of 
ver t e b r a t e s  and that a pl u r a l i t y  of CRL in a given pineal organ exists.Altho u g h  the pineal organ was often consi d e r e d  as a r e l a t i v e l y  simple s t r ucture (e.g., in c o m p a r i s o n  to that of the ret i n a  of the lateral eyes),
*Cole and Youson (1982) are not definitively convinced that pinealocytes occur in the 
laiprey, as has been previously proposed by Heiniel (1981).
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it appears to be very c o m p l e x  at the cellular level. The term "pinealocyte", used by some authors to refer to either CRL or to pineal 
cells, does not reflect the structural and functional h e t e r o g e n e i t y  of the 
pineal cell types.
I have attempted to c o mment on some of the exci t i n g  aspects arising f r o m  the increasing kn o w l e d g e  of pineal messe n g e r s  and properties of CRL. 
Much remains to be d i s c o v e r e d  by use of the available and fut u r e  tools of 
cell b i ology and physiology.
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INTRODUCTION
In biological research, the efforts to reconcile conflicting data has often 
resulted in a better understanding of hitherto unclear, conflicting findings. 
Sometimes, relationships between conflicting but reproducible results were 
obtained. Such efforts, with respect to the presence and significance of 
pineal peptidic- and proteic substances, have been made during nearly two 
decades.
At the ultrastructural level, processes implicated in the synthesis and 
release of peptidic/proteic compounds have been demonstrated in pineal specie 
fic cells by different authors. (For details see Ariens Kappers 
1979; Collin 1979, 1981; Collin and Oksche 1981; Pévet 1979, 1981a,b, 1983). 
However, up till now, the applied classical methods for peptide/protein 
purification have failed to yield sufficiently "large" quantities of pure 
pineal peptides/proteins for structure elucidation and detailed biological 
experiments. Moreover, a simple and specific bioassay, indispensable for the 
isolation of biologically active pineal compounds, has still to be found. 
Different observations however, support the presence of pineal peptidic 
and proteic substances related to a definite biological activity. (See for 
details Benson 1979; Ebels and Benson 1978; Benson and Ebels 1981; Benson 
et al. 1983).
However, the conclusion of Vaughan (1981) is still true : "That after two 
decades of research can be concluded that the nona-peptide [8-arginine]- 
vasopressin (AVP) directly or indirectly affects the reproductive system of 
all classes of vertebrates, but that there is a considerable controversy 
whether an antigonadotropic peptide of the pineal is AVP, [8-arginine]-vaso- 
tocin (AVT), oxytocin (OT), E5 or another unidentified peptide".
It is the aim of this article to give a survey of the results of experiments 
carried out at different institutes in the last years, with respect to the 
above described problems. According to Pévet (1983) the peptidic and proteic 
substances present in the pineal can be divided into three classes:
1) compounds synthesized in organs other than the pineal, but found there 
because they are present in cell elements such as nerve axons, which 
connect the gland to different brain structures.
2) substances synthesized in organs other than the pineal, with a secondary 
uptake by the gland from the general circulation.
3) peptidic/proteic compounds which are synthesized in the pineal gland 
by specific pineal cell-bodies.
I n  t h i s  a r t i c l e  w e  w i l l  f o l l o w  t h i s  c l a s s i f i c a t i o n ,  b u t  i t  m a y  b e  t h a t  i n
112
the future, the whole pineal peptide/protein biosynthesis is more complica­
ted than we now assume and that peptides (which are now classified in one of 
the classes) may belong to another group.
SURVEY OF THE THUS FAR OBTAINED RESULTS
A. Compounds Belonging to Class 1
Regarding the above described classification, the neurohypophyseal prin­
ciples as AVP, AVT, OT and neurophysin (NP) belong to class one. The results 
achieved in the last years with ovine pineal extracts will be discussed. In 
our institute, different ovine pineal preparations were made (see Scheme 1) 
in the last years. All the prepared fractions (see Scheme 1) were checked 
for the presence of neurohypophyseal principles by radioimmuno-assays 
(RIA) with antisera raised against AVP, OT (see Dogterom et al. 1977) and 
with an antiserum directed against the C-terminal tripeptide: Pro-Arg-Gly 
(NH2 ) of AVP (Czernichow et al. 1974). Using these RIA's, it was found that 
the fraction XM300R PP7.2 contains AVP-like material, while the UM2R ultra- 
filtration-fraction contains mainly OT-like compound(s). The fraction 
XM300R PP7.2 was applied to a Sephadex G-50 column (98 x 1.6 cm) equilibra­
ted and eluted with 1% formic acid (v/v). The subfractions of the Sephadex 
G-50 column (Fig. 1) were measured by RIA's for cross-reactivity with Pro- 
-Arg-Gly(NH2) and AVP. A single peak of AVP-like immunoreactivity, eluted 
between 158 ml and 180 ml, could be determined and a peak of oxytocin-like 
immunoreactivity eluted between 129 ml and 158 ml. These elution volumes 
correspond to a molecular weight (MW) range of 1 to 2 K. In the radioimmuno- 
logical assays, the dilution curves of these pineal fractions showed a 
parallelism with the AVP, OT and Pro-Arg-Gly(NH2) standard curves.
The UM2R-fraction (Scheme 1) was also applied to columns of Sephadex G-50 
(98 x 1.6 cm) and of Sephadex G-25 (100 x 0.9 cm) equilibrated and eluted 
with 1% formic acid (v/v). The subfractions were measured by RIA for AVP- 
like and OT-like immunoreactivity. This time mainly oxytocin-like activity 
could be detected.
Reverse phase high performance liquid chromatography (RP-HPLC) of the 
XM300R PP7.2 Sephadex G-50 F7 revealed that the AVP-like immunoreactivity 
of that fraction was eluted in a position identical to that of synthetic 
AVP.
The UM2R Sephadex G-25 fraction, containing radioimmunological OT, could 
be separated on the same HPLC-column. Here the pineal oxytocin was eluted 
in the same position as synthetic OT, using the methanol/water mixture as 
for AVP.
Comparable experiments were carried out by us with the bovine pineal frac­
tion E5, received from Dr. P. Pévet, The Netherlands Institute for Brain 
Research, Amsterdam, The Netherlands, and prepared by Dr. C. Neacsu, Bucha­
rest, Romania.
In HPLC-experiments, using subsequently different methanol/water mixtures, 
all the immunoreactive X-Pro-Arg-Gly(NH„) peptides were located in the 
same region where synthetic AVP was eluted. In one methanol/water mixture, 
a peak was detected at the same place as where synthetic AVT was eluted. 
However, when another solvent mixture of methanol/water was used, it was 
possible to separate the peak of synthetic AVT and the peak present in 
ovine and bovine pineal extracts. When these last peaks were submitted to 
an amino acid analysis no amino acids were detectable.
From all these experiments was concluded that most probably, AVP and OT 
are present in ovine and bovine pineal extracts and can be isolated and 
identified with the methods just described. However, no evidence was
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Scheme 1. Extraction- and purification scheme for neurohormone-like principles from ovine pineal glands.
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Figure 1. Gel filtration of the ovine pineal fraction XM300R PP7.2 (see 
Scheme 1) on Sephadex G-50 superfine. Column: 1.6 x 98 cm; 
equilibrated and eluted with 1% formic acid; flowrate: 7.14 ml. 
cm_2.h-1; fraction size: 1 ml.
.........  absorbance at 230 nm
---------  absorbance at 280 nm
---------- excitation maximum (e) at 280 nm
emission maximum (f) at 350 nm
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obtained for the presence of AVT, nor for the presence of Pro-Arg-Gly(NH^) 
peptides other than AVP in pineal extracts. Experimental details will be 
published in the near future e . g .  Thesis Noteborn (in preparation).
The study of pineal neurophysin was carried out with the antiserum AS 210, 
generated in rabbit against bovine pituitary AVP-NP. This particular anti­
serum was used because it cross-reacts with pituitary neurophysins of many 
other mammals such as man, rabbit, rat, mouse and sheep.(See for details 
Reinharz and Vallotton 1977; Reinharz et al. 1981). When aqueous ovine 
pineal extracts are ultrafiltrated through Amicon Diaflo-membranes, two 
ovine pineal fractions could be obtained which contained immunoreactive 
neurophysin (IMR-NP) namely XM300R PP7.2 and PM10R (see Scheme 1). From 
50 g of wet ovine pineal tissue 552 yg of IMR-NP were obtained.
It was found that about 5% of these IMR-NP are eluted from three different 
Sephadex columns with an elution volume corresponding with molecules with 
a MW > 10.000, between bovine serum albumin and pituitary neurophysin 
(MW =10.000). This last pineal neurophysin shares immunological and 
physico-chemical properties with highly purified bovine pituitary neuro­
physin used as a reference. From the results obtained with gelfiltration 
and affinity chromatography on [8-lysine]-vasopressin Sepharose, it was 
concluded that ovine pineal glands may contain a neurophysin precursor 
molecule in addition to the neurophysins of MW = 10.000. For more experi­
mental details see Reinharz et al. (submitted for publication and Thesis 
Noteborn in preparation).
B. Compounds Belonging to Class 2
To the second class of pineal peptides the hypothalamic and (adeno)hypo- 
physeal hormones are now considered to belong. In the last years, different 
authors have demonstrated that with radioimmuno-assays these hormones can 
be detected in pineal tissue (Pévet 1983). An important aspect of pineal 
physiology is that these observations suppose the existence of a feed-back 
system, operating between the hypothalamus, the hypophysis and the pineal, 
which would implicate the occurence of hypophyseal hormones in the pineal. 
That would mean that the adenohypophyseal hormones, luteinizing hormone(LH), 
follicle stimulating hormone (FSH), growth hormone (GH) and prolactin (Prl) 
should be chemically detectable in the pineal organ. Noteborn et al. (in 
preparation) have tried to isolate and characterize adenohypophyseal hor­
mones with a method published by Ellis (1961) in order to isolate and 
identify the hormones LH, FSH and GH from pineal extracts. The results of 
these experiments revealed that it is possible to isolate and character­
ize different molecular forms of immunoreactive LH-like peptides (IMR-LH) 
from ovine pineal glands, using an 0.1 M ammoniumsulfate (pH 4.0) extract 
by application of the method developed by Ellis (1961).
The majority of pineal gland IMR-LH behaves identically to hypophyseal 
luteinizing hormone (LH) with an apparent MW of 21.000 daltons and a poten­
cy of 1.57 times NIAMD rat-LH RP-1 by rat Leydig-cell stereoidogenesis- 
assay. A small amount of pineal gland IMR-LH was found chromatographically 
with a MW of about 52.000 daltons, however without biological potency.
These results confirm the observation of Reiss et al. (1963), but in our 
opinion the stimulatory principle occuring in the pineal gland is similar 
to the gonadotropic hormones (LH/FSH) of the anterior pituitary. Further 
studies have to be carried out in order to investigate whether an how 
LH-like peptides in the pineal gland are involved in reproductive pheno­
mena. For more experimental details see Noteborn et al. (in preparation).
It was also possible to isolate and partially characterize an immuno­
reactive prolactin-like peptide (IMR-Prl) from frozen ovine pineal glands
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by application of a slightly modified method developed by Jiang and Wil- 
helmi (1965), which differs on essential points from the method used for 
the isolation of LH/FSH. The results of these experiments have shown that 
the majority of ovine pineal IMR-Prl behaved identically to that of hypo­
physeal Prl in HPLC and polyacrylamide gelelectrophoresis. Chemical studies 
on our isolated ovine pineal prolactin suggest however, a heterogeneity 
comparable to pituitary prolactin preparations as described by Hwang et 
al. (1972).
The isolated ovine pineal prolactin is radioimmunologically active and dis­
places '25y_pr  ^fn a radioreceptor-assay using pregnant rat liver Pr1-recep­
tor preparations. The present data suggest that probably, native hypo­
physeal Prl occurs in the ovine pineal gland, which may be responsible for 
some stimulatory effects in bioassays. Here also further studies are needed 
to investigate whether and how Prl-like peptides in the pineal gland are 
involved in reproductive phenomena. Consequently, the possibility that the 
presence of such hormones within the pineal could be due to receptor acti­
vity has to be taken into consideration (see also Dube et al. 1980).
C . Compounds Belonging to Class 3
The third group of pineal peptides/proteins is probably the most interes­
ting group for pinealogists and endocrinologists.
Over about a period of twenty years, different research groups have tried 
to isolate, purify and identify pineal specific compound(s) with antigonado- 
tropic activity, using different bioassays. For a survey of the literature 
see Ebels and Benson (1978), Benson and Ebels (1981) and Ebels (1983). This 
antigonadotropic activity e.g. in a compensatory ovarian hypertrophy (COH) 
assay after unilateral ovariectomy, is sensitive to trypsin- and chymo- 
trypsin-digestion and is therefore thought to be a peptide or contain a 
peptide-moiety which is important for the biological activity. When cere­
bral cortex is treated in the same way as pineal glands, this antigonado­
tropin (PAG) is rather pineal-specific. Last year Benson et al. (1983) 
published new data about this PAG, using new bioassays and modern separa­
tion techniques j2 .g;. HPLC.
In the future, it is possible that these experiments could lead to a better 
understanding of this pineal peptidic compound in relation to hypothalamic 
activity and on the biosynthesis and release of some adenohypophyseal hor­
mones e.g. LH and Prl.
The results of these studies have shown, that a partially purified low 
MW pineal fraction augments the negative feed-back effects of testosterone 
on serum LH-levels in castrated mice. This fraction had no effect on pitui­
tary LH-release in in vitro, but when injected into unanesthesized rats it 
caused a rapid and significant reduction in plasma LH- and Pr1-levels.
After injection of this bovine pineal fraction, a significant increase in 
the hypothalamic de novo dopamine synthesis using a deuterated tyrosine 
precursor was also observed. These observations suggest that effects on 
pituitary LH- and Prl-release may be mediated through the turnover of 
hypothalamic catecholamines.
When young adult female hamsters, acclimatized to long photoperiods (Light/ 
Dark (L/D) = 14/10 h) are transferred to short photoperiods (L/D = 10/14 h) 
already after three weeks a highly significant increase in the turnover 
rates of hypothalamic dopamine is observed. The changes in dopamine turn­
over parallels the changes in the appearance of immunocytochemically- 
stained pituitary lactotrophs, using the peroxidase-antiperoxydase (PAP) 
technique for prolactin. Compared to long photoperiod controls, stainable 
Prl appears to be reduced between three and six weeks after short photo­
period-treatment (Benson, personal communications 1984).
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The experimental results of Benson et al. (1983) and Benson (personal com­
munications 1984) support the hypothesis that when seasonal breeders are 
transferred from a stimulatory to an inhibitory photoperiod, the pineal 
gland produces, via effects on hypothalamic catecholamine synthesis, an 
antigonadotropin which alters GrRH and Prl-inhibiting-factor-levels.
D. Effects of different synthetic compounds and hormones on the peptidic/ 
proteic processes of the mammalian pineal
Several research groups have studied the influence of different synthetic 
compounds and hormones on the peptidic/proteic processes of the mammalian 
pineal in ^n vivo and in in vitro.
Karasek (1974T concluded from his experiments that the ultrastructure of 
the rat pineal gland, cultured in the presence of norepinephrine, dibuty- 
ryl cyclic adenosine 3',5'-monophosphate and adenohypophysis has many 
features in common, which can be interpreted as a morphological stimulation 
pattern of the pineal gland by the above mentioned compounds. The same 
author (Karasek et al. 1976) showed that after castration of adult male 
rats, the ultrastructure of pinealocytes was changed: an increased develop­
ment of the rough endoplasmatic reticulum (RER) and the Golgi-apparatus as 
well as an increase in the number of lipid drotilets and lysosomes were 
observed. The morphological changes after orchidectomy followed by LH-RH 
administration, were more pronounced compared with only castrated animals. 
These authors have put forward the working hypothesis that a negative feed­
back mechanism between the pineal and adenohypophysis may exist.
Karasek and Marek (1978) have studied the influence of gonadotropic hor­
mones on the ultrastructure of rat pinealocytes. They concluded that after 
injection of human chorionic gonadotropin (HCG), a marked activation of 
pinealocytes was observed; proliferation of the granular endoplasmatic
reticulum and Golgi-apparatus as well as an increase in number of dense 
core vesicles and mitochondria.
Karasek (1978) observed that after hypophysectomy, the ultrastructural pat­
tern of pinealocytes showed a general diminished activity, indicated by a 
decrease in the granular endoplasmatic reticulum, lysosomes and lipid drop­
lets. It is also stated in this paper, that after HCG-injections, the 
observed stimulation of the pinealocytes particularly concerns the cell 
organelles involved in protein synthesis. They (Karasek et al. 1982a) des­
cribed that prolactin injections in rats stimulate the ependymal-like 
secretory process: granular endoplasmatic reticulum and vacuoles contain­
ing flocculent material. They also (Karasek et al. 1982b) gave a survey of 
dense-core vesicles in the mammalian pinealocytes and their relation to 
secretory processes, using different animals.
The conclusion from all the above described experiments must be that 
although the secretory process in the mammalian pinealocyte can be charac­
terized morphologically, influenced by different synthetic compounds and 
by hormones, further investigations are necessary to elucidate the role of 
the peptide/protein synthesis in pineal metabolism and in gonadotropic 
hormone-regulation in general.
Haldar-Misra and Pévet (1982, 1983, a,b,c,d,e,) have also studied the 
influence of different compounds on the process of proteic/peptidic secre­
tion in the mammalian pineal organ using organ cultures. The processes 
involved in the synthesis of peptidic/proteic agents have been identified 
by these authors at the ultrastructural level, characterized either by the 
formation of granular vesicles (GV) by the Golgi-saccules or by the for­
mation of vacuoles containing flocculent material of moderate electron 
density by the cisternae of the RER.
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Unfortunately the reported ultrastructural observations do not give an 
answer to the question, whether the two identified secretory processes 
involved in the synthesis/secretion of peptidic/proteic material are coup­
led or whether they function independently. It is necessary to precise fur­
ther why the process characterized by the formation of GV is poorly develop­
ed in most of the mammalian species studied. For a survey of these proces­
ses in the pineal, see Collin (1979, 1981), Collin and Oksche (1981),
Pévet (1979, 1981 a,b, 1983). Haldar-Misra and Pévet (1982) concluded from 
their studies that noradrenalin (NA) is implicated in the regulation of the 
production of the peptidic/proteic agents. However, it seems that the effect 
of this neurotransmitter is species-specific.
The influence of melatonin and other 5-methoxyindoles on the process of 
protein and/or peptide secretion was also studied by these authors. Mela­
tonin in the absence of NA in the medium, induces the formation of GV by 
the Golgi-apparatus in the pinealocytes of the rat, but not in those of 
the golden Syrian hamster. In the presence of NA, melatonin provokes a 
decrease in the number of these vesicles in both species. For details see 
Haldar-Misra and Pévet (1983a).
All 5-methoxyindoles studied influence the number of GV in mice pinealo­
cytes maintained in explant culture. 5-Methoxyindole-3-acetic acid in the 
presence or absence of NA increased the number of GV. 5-Methoxytryptamine, 
5-methoxytryptophan, 5-methoxytryptophol and melatonin affect the process 
of protein/peptide secretion depending on the duration of application and 
the presence or absence of NA in the medium. From these experiments is con­
cluded that 5-methoxyindoles are active in the pineal gland itself, but that 
a very complex mechanism of regulation exists, involving the sympathetic 
innervation and the 5-methoxyindoles. For details see Haldar-Misra and 
Pévet (1983a, 1983b).
The influence of testosterone on the peptide/protein secretion in in vitro 
was also studied. Testosterone only induces a significant increase in GV 
when the pineals of mice and rats are cultured in a NA-free medium. For 
details see Haldar-Misra and Pévet (1983c).
The influence of luteinizing-hormone-releasing-hormone (LHRH) was studied, 
using the same in vitro culture system. Here it was also cleary demonstrated 
that LHRH acts on the synthetic activity of the pineal gland, using the 
same parameters as described above. For details see Haldar-Misra and Pévet 
(1983d).
In cultures of mice pinealocytes, prolactin stimulates the protein/peptide 
secretion by inducing an increase of the formation of GV in the presence of 
NA. In the rat pinealocytes this hormone could only stimulate the secretion 
in a NA-free medium. In cultures of rat pinealocytes, prolactin in the 
presence of NA strongly stimulated the ependyma1-1ike protein/peptide secre­
tory process. For details see Haldar-Misra and Pévet (1983e)
From the above described experiments can be concluded that although the 
structure of peptides and/or proteins involved in the secretory process of 
pinealocytes are not yet known, much more is known about the experimental 
conditions under which different synthetic compounds and hormones can 
influence this process in in vivo and in in vitro.
In this field of research, the present data indicate that it is now impera­
tive to study specifically, whether hormone receptors play a role in the 
above described processes. Receptors can be very important and a disfunc­
tion of receptor-biosynthesis could perhaps block different other processes. 
Schotman et al. (1981) using an in vitro incubation-technique, according 
to Dunlop et al. (1975), have observed that the protein synthesis activity 
of the rat pineal gland was greatly dependent on the time of dissection,
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showing a maximum at midnight and a minimum at 10.00 am., 2 h after the on­
set of light. These authors concluded that the overall protein synthesis 
rate in in vitro exhibited a marked circadian rhythmicity comparable to 
that of serotonin-N-acetyltransferase. This protein synthesis is, according 
to these authors, under neural and hormonal control. It was found that the 
action of corticotrophin (ACTH) applied in physiological concentrations, 
may mediate protein synthesis by a calcium-dependent release of norepine­
phrine. However, the pineal may not be unique among the neural structures 
in this respect, as comparable mechanisms exist in many peripheral target 
organs and in other areas of the brain.
Nevertheless, the observed dramatic effects after hypophysectomy are indi­
cative of an important role for the circulating hypophyseal principles on 
the protein synthesis of the pineal, as was stated by these authors.
GENERAL DISCUSSION
The original discovery of a vasotocin-like activity in pineal gland extracts 
by Milcu et al. (1983) has been followed by numerous conflicting reports. 
Neacsu (1972) asserted, after chemical analysis, that the observed anti- 
gonadotropic activity was to be ascribed to a peptide different from AVT and 
composed of 14 amino acids, termed by this author as E5 (MW^2000). 
Concerning the bovine pineal fraction E5, our present findings do not ailow 
the conclusion that the reported biological activities (Neacsu 1972; Vaughan 
et al. 1980, 1982) are due to a single pure peptidic antigonadotropic hor­
mone, as the E5-preparation studied by us contains large amounts of proteic 
material (MW 100 to 10 K). See for details Noteborn et al. (1982) and Ebels 
(1983).
Our results, obtained in the last years, furthermore demonstrated that 
(after purification and characterization by HPLC) the bovine pineal fraction 
E5 also contains immunoreactive AVP and OT. No evidence could be obtained 
for the presence of AVT nor for the presence of another peptide ending in 
Pro-Arg-Gly (NH^) .
From experiments with antibodies against different peptides, Pévet (1983) 
concluded that these antibodies are able to react in some pineal cells with 
an unidentified compound which he assumes is synthesized in the pineal 
gland. However, Rix et al. (1981) postulated that the immunocytochemical 
reaction with different antibodies against comparable peptides is found 
in the extracellular perivascular space of the pineal and not in a dis­
tinct cell population. If that is true, the possibility of a pseudopositive 
immunostaining reaction may be present in the pineal. In our opinion these 
contradictory findings call for a critical reevaluation of the hypothesis 
that the immunological results in the mammalian pineal gland indicate the 
presence of a large common precursor molecule that is cleaved by enzymes 
in order to produce a number of smaller active compounds with a different 
biological activity (Pévet, 1982).
In the last years, several publications have appeared in which the pineal 
mediated effects of short photoperiods on the secretion of prolactin and 
gonadotropins of seasonal breeders such as hamsters were studied. For a 
survey of the literature see Reiter (1980), Benson and Ebels (1981).
Sieger et al. (1983) concluded from the results of their experiments with 
male golden Syrian hamsters, that short photoperiod exposure does not 
reduce the pituitary-ability to secrete LH or FSH, but that the secretion 
of Prl is decreased during a restricted period. These authors think that 
the endocrine changes induced by short photoperiod exposure, are due to 
functional alterations at multiple sites within the hypothalamic-pituitary- 
gonadal system. From a very recent publication of Steger et al. (1984) it
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it is now known that there are different interactions of pineal substances 
with the neuroendocrine axis of male Syrian Hamsters. These authors conclude 
from these experiments that short photoperiod-induced gonadal atrophy in the 
Syrian hamster is associated with pineal-dependent and pineal-independent 
changes in hypothalamic neurotransmitter turnover and hypothalamic LHRH- 
content.
It is possible that one of these pineal compounds which acts on the hypo­
thalamus is a peptide or contains a peptide-moiety indispensible for the 
biological activity (Matthews and Benson, 1983 and Benson et al. (1983). 
However, one has to keep in mind that when working with rather crude pineal 
extracts, they contain a number of hormones which could cause the observed 
biological activities. Therefore, extracts of control tissues have to be 
used in order to confirm whether the effects of pineal extracts are caused 
by pineal"specific" compound(s) or e.j^ . by hypophyseal principles.
The purification process of a pineal compound, which is trypsin- and chymo- 
trypsin-sensitive which causes and increase in the hypothalamic dopamine 
de novo synthesis is in an advanced stage. The ultimate purification and 
characterization of this compound will depend on several circustances, 
amongst other, the amount of compound present in one pineal. As far as can 
be judged at this moment, it is thought that several kilograms of pineals 
are needed. The structure elucidation of this peptidic pineal compound 
could be of great significance for future pineal research in relation to the 
hypothalamic-hypophyseal-gonadal axis.
From the results of experiments carried out at the ultrastructural level, it 
can be concluded that a feed-back mechanism may exist between the peptidic/ 
proteic processes of the pineal and different hypophyseal hormones.
In our opinion, future research should mainly be directed towards two 
goals:
1. The isolation and identification of (a) pineal peptidic compound(s) 
which probably influences, by (its) their effect on the syntnesis of 
hypothalamic catecholamines, plasma Prl- and LH-levels.
2. The elucidation of peptidic/proteic compounds involved in a possible 
reciprocal relationship between the adenohypophysis and the pineal 
gland.
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Since Kappers (1960) described the connection between the superior 
cervical ganglia and the pineal and Moore et al. (1967) found the pathway 
leading from the retina to the pineal, the innervation of the pineal is 
intensively studied. This is also due to the fact that the pineal is in­
volved in endocrinological processes which are regulated or are influenced 
by different environmental conditions. It has been demonstrated that the 
innervation is mainly adrenergic (Pellegrino de Iraldi and Zieher, 1966; 
Zieher and Pellegrino de Iraldi, 1966) which means that noradrenaline may 
be the regulatory product in the pineal. The evidence that noradrenaline 
and serotonin stimulate adenyl cyclase activity (the synthesizing enzyme 
for cAMP, the product which mediates hormonal responses) in several 
tissues lead Weiss and Costa (1967, 1968) to investigate both products on 
adenyl cyclase activity in the pineal. These authors could demonstrate 
that noradrenaline stimulates the formation of cAMP most intensive among 
the different catecholamines tested; whereas the indoleamine serotonin did 
not influence this synthesis at all. Chronic denervation by superior cervi­
cal ganglionectomy did not influence adenyl cyclase activity. However, nor­
adrenaline added to pineals which have been chronically deneryated did show 
a much greater formation of cAMP as compared to pineals with intact inner­
vation (Weiss, 1969; Weiss and Costa, 1967). The effect of noradrenaline 
on adenyl cyclase activity has been proved to work via /5-receptors, because 
/5-blocking agents inhibit the induced enzyme activation (Weiss and Costa, 
1968).(Fig. 1)
Fig. 1.
Noradrenaline (NE) released from the nerve ending, activates a /5-receptor 
which stimulates adenyl cyclase activity.
cAMP
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The correlation between noradrenaline and cAMP with indole metabolism 
has been put fprward in 1969. In that year Axelrod et al. found a stimula­
tion of melatonin synthesis from tryptophan by noradrenaline. Shein and 
Wurtman (1969) and Klein et al. (1970) demonstrated that a synthetic ana­
log of cAMP, dibutyryl cAMP (DAMP) mimics the effect of noradrenaline 
(Fig. 2).
tryptophan






Fig. 2. The synthesis of melatonin from tryptophan.
The most important finding in the regulation of melatonin synthesis is the 
stimulatory effect of noradrenaline and of DAMP on N-acetyltransferase 
activity (Klein et al., 1970; Klein and Weller, 1973). Herewith indicating 
that N-acetylation is the rate limiting step in melatonin synthesis.
On the other hand noradrenaline as well as DAMP stimulate serotonin syn­
thesis (Wurtman et al., 1971; Shein and Wurtman, 1969). This stimulation 
takes place in the hydroxylation of tryptophan (Shein and Wurtman, 1971).
With these findings the importance of noradrenaline - cAMP involve­
ment in indole metabolism is clear. However, one main problem remains by 
reading this literature: "Why is dibutyryl cAMP used instead of the 
naturally occuring cAMP? A few investigations have been performed with 
"natural" cAMP. However, the results are contradictory. In experiments of 
Klein et al. (1970) no influence on melatonin synthesis could be found.
In contrast to these findings Wurtman et al. (1971) described a signifi­
cant inhibition of the synthesis of melatonin by natural cAMP, The synthe- 
tictanalog DAMP, however, caused in these experiments a great stimulation. 
The explanation of Klein et al. (1970) that the stimulatory effect of DAMP 
is a result of slower degradation of this product by phosphodiesterase and 
a more rapid entry in the cell by its dibutyryl tails, is not applicable 
for the inhibitory activity found by Wurtman et al. (1971),(Fig. 3).
tryptophan ^
cAMP --►  I — -- DAMP
melatonin
Fig. 3. The discrepancy between the effect of cAMP and DAMP on melatonin 
synthesis.
The discrepancy between the effect of "natural" cAMP and DAMP lead to ex­
periments performed with "natural cAMP",
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The experiments have been performed with male Wistar rats of 140-5g. 
They were kept under a 12L:12D schedule in the month of July. Every 2 or 
3 hours three animals were decapitated and their pineals investigated. The 
synthesis of N-acetylserotonin and melatonin (Fig. 2) under influence of 
different concentrations of "natural" cAMP have been determined by the 
method of Balemans et al. (1981). In this method no substrate is added; 
acetyl-coenzyme A has been used as acetyl donor.
N-acetylserotonin synthesis
N-acetylserotonin synthesis is completely inhibited when 10 cAMP 
ia_^dded to the incubation medium (Fig. 4), whereas a concentration of 
10 M causes a clear stimulation (Fig. 5).
Fig. 4. The influence of 10 "*M cAMP on N-acetylserotonin synthesis in the 
pineal of the young male rat. -- control; ----  cAMP treated pineals.
-3After incubation with 3.10 M cAMP Wurtman et al. (1971) found a signifi­
cant inhibition of serotonin synthesis from tryptophan. Using about the 
same concentration (2.10 M) of cAMP in experiments performed in the month 
of August, also a complete inhibition of N-acetylserotonin synthesis could 
be observed (Fig. 6). The question arises now:
1. which effects have to be considered as physiological; those performed 
with "natural" cAMP or those obtained with DAMP.
2. If "natural" cAMP is concerned, than the possibility of a dual effect 
must not be excluded. That means: inhibition with low concentrations 
of cAMP and stimulation with high concentrations.
3. On the other hand the effects of low concentrations may be considered 
as physiological and the effects of high concentrations probably as
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-2Fig. 5. The influence of 10 M cAMP on N-acetylserotonin synthesis in the 
pineal of the young male rat. -- control; ■ ■ cAMP treated pineals.
-3Fig. 6. The influence of 2.10 M cAMP on N-acetylserotonin synthesis in the 
pineal of the young male rat. --  control; --- cAMP treated pineals.
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pharmacological processes. The statement that "natural" cAMP hardly or not 
penetrates the cell membrane is disputable since Berg and Klein (1971) 
found that 30% of natural cAMP penetrates the cell after a 4 hour period. 
These authors, however do not mention investigations performed between 0 
and 4 hours. The lipophylic character of the synthetic analog DAMP may 
cause an easier entry in the cell. Therefore the results of low doses of 
DAMP probably may be comparable with the results of high doses of cAMP.
The question, however, remains if this is a physiological process or not, 
since low doses produce an inhibitory effect. The latter probably can be 
explained by the decreased serotonin (the precursor of N-acetylserotonin) 
synthesis by cAMP as has been observed by Wurtman et al. (1971).
Melatonin synthesis
-5 -2Melatonin synthesis under influence of 10 (Fig. 7) and 10 M cAMP 
(Fig. 8) shows about the same pattern over a 24 hour period. A stimulation 
of synthesis at 04 and 06h and an inhibition or no effect during the rest 
of the day/night period. The mean synthesis over a 24 hour period seems to 
be higher if low concentration is used. This result probably may indicate 
that high concentrations can inhibit melatonin synthesis. Therefore also 
experiments have been performed during the night period with an extremely 
high concentration (10 M) . In these experiments melatonin synthesis is 
determined in the pineal tissue (Fig. 9) and in the incubation medium 
(Fig. 10) separately. It is clear that "natural" cAMP inhibits melatonin 
synthesis completely.(experiments have been performed in the month of May)
The results presented can be compared with those obtained from ex­
periments in which melatonin synthesis is determined after being influenced 
by cAMP. That means no effect (Klein et al., 1970) or an inhibition of 
melatonin synthesis (Wurtman et al.,1971). For melatonin synthesis we can 
not find a comparison in effect between cAMP and the synthetic analog DAMP. 
The effect at 04 and at 06h by using a low concentration of cAMP may 
suggest a stimulation, an effect which is generally described for DAMP. 
Experiments, however, with lower concentrations of cAMP have not been per­
formed.
The discrepancies between cAMP and DAMP on N-acetylserotonin and 
melatonin synthesis need to look further to the influence of noradrenaline. 
In literature also contradictory results are described concerning the in­
fluence of noradrenaline on indole metabolism. Axelrod et al, (1969) and 
Klein et al. (1970) found a stimulation of melatonin synthesis from tryp­
tophan; and Berg and Klein (1971) described a stimulation of N-acetyl- 
transferase activity by using serotonin as a substrate. In contrast to the 
above mentioned results Weiss (1968) demonstrated that noradrenaline in­
hibits hydroxyindole-O-methyltransferase (HIOMT) activity (the melatonin 
synthesizing enzyme). This observation is in agreement with the data of 
Brownstein and Heller (1968) who found a decrease in HIOMT activity after 
nerve stimulation. Also Heydorn et al. (1983) described paradoxically to 
the results on N-acetyltransferase (Deguchi, 1973) a reduction of catechol­
amine induced melatonin production after continuous light.
Therefore experiments identical to those performed witlj cAMP have 
been done with noradrenaline. Young male Wistar rats of 140-5g have been 
used. They were kept under a 12L:12D schedule. The synthesis of N-acetyl­
serotonin and of melatonin under influence of different concentrations of 
noradrenaline and in different months of the year has been determined over
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Fig. 7. The influence of 10 cAMP on the synthesis of melatonin in the 
pineal of the young male rat. --  control; --- cAMP treated pineals.
-2 . .Fig. 8. The influence of 10 M cAMP on the synthesis of melatonin in the




Fig. 9. The influence of 10 M cAMP on the synthesis of melatonin in the 
pineal of the young male rat. Melatonin present in pineal tissue.
--  control; --- cAMP treated pineals.
Fig. 10. The influence of 10 M cAMP on the synthesis of melatonin in the 
pineal of the young male rat. Melatonin present in the incubation medium, 
--  control; ---cAMP treated pineals.
132
a 24h period with the method described by Balemans et al. (1981). No sub- 
atrate is added; acetyl-coenzyme A is used as acetyl donor. For each 
experiment the mean value of synthesis over a 24h period (N=39; three 
animals have been investigated every two hours) is presented in the tables.
N-acetylserotonin synthesis
Under influence of 10 noradrenaline N-acetylserotonin synthesis is 
stimulated in the month of June (16.75%). If a higher concentration is used 
(10 M) than an inhibition can be observed (Table 1.).
Table 1. The mean synthesis of N-acetylserotonin over a 24h period.
noradrenaline
concentration
control pineals N noradrenaline 
treated pineals
N
io_5m 10166 dpm 
(100%)
39 11869 dpm 
(116.75%)
39
-210 M 10166 dpm 
(100%)




_ 2  Melatonin synthesis is stimulated by 10 ^M noradrenaline, whereas 
10 M causes no effect (Table 2.)
Table 2. The mean synthesis of melatonin over a 24h period.
noradrenaline
concentration
control pineals N Noradrenaline 
treated pineals
N
-s10 M 2397 dpm 
(100%)
39 2990 dpm 
(124.75%)
39
io-2m 2397 dpm 
(100%)
39 2468 dpm 
(102.96%)
39
From these results it may be concluded that low concentrations of 
noradrenaline produce an increase in N-acetylserotonin as well as melato­
nin synthesis. This result is in agreement with the general findings with 
low concentrations of noradrenaline. The stimulation of N-acetylserotonin 
synthesis does fit in the stimulatory effect of DAMP, which is generally 
described, however, it does not in the inhibitory effect as has been found 
for 10 M "natural" cAMP.
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This contradiction probably must be described to the different products 
used, cAMP or DAMP. The poesebility that contradictory results are caused 
by using animals of different ages must not be excluded. On the other hand 
it can be observed from Fig. 7 and 8 and Fig. 9 and 10 that melatonin syn­
thesis differs enormously between May and July. So that the time of the 
year in which the experiments have been performed also is important.
Therefore preliminary experiments with noradrenaline have been per­
formed in the months June, July and August with male Wistar rats of 140-5g 
They were kept under 12L:12D conditions._^he synthesis of N-acetylserotonin 
and of melatonin under influence of 2.10 M noradrenaline has been deter­
mined with the method described by Balemans et al. (1981).No substrate has 
been added; acetyl-coenzyme A has been used as acetyl donor.
N-acetylserotonin and melatonin synthesis
N-acetylserotonin as well as melatonin synthesis show, without being 
influenced by noradrenaline, an accelerated decrease in July and August.
Table 3. The mean synthesis of N-acetylserotonin and of melatonin.
N June N July N August
N-acetylserotonin 39 1 4 105dpm 39 10166 dpm 39 5505 dpm
(100%) (72.07%) (39.03%)
melatonin 39 2397dpm 39 1759 dpm 39 1108 dpm
(100%) (73.38%) (46.22%)
If noradrenaline is added to the incubation medium also a reduction 
of N-acetylserotonin synthesis can be found (Table 4.). Melatonin synthe­
sis is slightly stimulated in June, but is reduced in July and August.
It can be observed that the decrease in N-acetylserotonin and melatonin 
synthesis in July and August is much stronger when noradrenaline is added 
to the incubation medium.
More or less identical results have been described for N-acetyltrans- 
ferase activity influenced by 5-hydroxytryptophan. 5-Hydroxytryptophan 
causes an accelerated fall of N-acetyltransferase activity induced by 1- 
propranolol (a ^ -adrenergic blocking agent); but also the stimulation of 
this enzyme by noradrenaline is reduced by 5-hydroxytryptophan. In con­
trast to these findings Namboodiri et al. (1983) found an elevated melato­
nin synthesis after 5-hydroxytryptophan treatment. Besides 5-hydroxy- 
tryptophan also serotonin can influence indole metabolism . Weiss (1968) 
described an inhibitory effect of serotonin on HIOMT activity and Weiss 
and Costa (1968) mentioned an inhibition of serotonin on noradrenaline 
induced stimulation of adenyl cyclase activity. These investigations indi­
cate that the substrate added has more capabilities than being substrate 
alone.
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Table 4. The mean synthesis of N-acetylserotonin and melatonin of one 
day/night in the months of June, July and August.
control pineals noradrenaline treated pineals
June June July August
N-acetylserotonin 14105 dpm 11707 dpm 6912 dpm 3247 dpm
(100%) (83%) (49%) (23%)
melatonin 2397 dpm 2588 dpm 1090 dpm 542 dpm
(100%) (108%) (45.5%) (22.6%)
Discrepancies can also be observed in experiments performed with GABA. 
This neurotransmitter like substance is present in the pineal (Schon et al. 
1975; Labella et al., 1968; Waniewski and Suria, 1977) and has been tested 
on indole metabolism by several authors. Mata et al. (1976) and Wheler and 
Klein (1980) could not find an effect on N-acetyltransferase activity in 
the rat pineal. However, in the rat a stimulatory activity of GaBA on N- 
acetylserotonin and melatonin synthesis has been described by Balemans et 
al. (1983). Whereas in the bovine pineal GABA caused an inhibition on N- 
acetyltransferase activity (Ebadi and Chan, 1980; Chan and Ebadi, 1980).
concluding remarks.
The contradictory results in the regulation of indole metabolism 
caused by cAMP, noradrenaline and GABA applicated in different concentra­
tions and during different months of the year strongly suggest a coopera­
tion between these compounds in which the ratio may cause the effect: 
stimulatory or inhibitory.
From literature and from present results it is clear that N-acetyl­
serotonin and melatonin are not always synthesized parallel to each 
other. This might be an indication of a separate regulation or/and the 
indication of another pathway leading to melatonin (f.e. via 5-methoxy- 
tryptamine)
Recent findings, such as the implication of n-adrenergic receptors, 
which potentiate the ß-adrenergic stimulation (Klein et al.,1983); the 
existance of a N-acetyltransferase inactivating substance (Chan and Ebadi 
1981); the 8-adrenergig control of HIOMT (Sugden and Klein, 1983); and 
the involvement of prostaglandins in the regulation of indole metabolism 
(Cardinali et al., 1982) makes indole metabolism much more complicated 
than it already was.
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1 .  REGULATION OF THE PINEAL MELATONIN RHYTHM
1 . 1  B io c h e m ic a l  c o n t r o l  o f  t h e  p i n e a l  m e l a t o n i n  rhythm
M e la t o n in  i n  t h e  p i n e a l  g la n d  i s  form ed f i r s t  by a c e t y l a t ­
io n  o f  s e r o t o n i n  t o  N - a c e t y l s e r o t o n i n  by N - a c e t y l t r a n s f e r a s e  
(NAT) (EC 2 . 3 . 1 . 5 )  (W eissb a ch  e t  a l .  1961) and th e n  by m e t h y l a t -  
i o n  o f  N - a c e t y l s e r o t o n i n  t o  m e l a t o n i n  by h y d r o x y in d o le - O - m e t h y l -  
t r a n s f e r a s e  (HIOMT)(EC 2 . 1 . 1 . 4 )  (A x e lr o d  and W eis sb a c h  1 9 6 0 ) .
In  a l l  mammals so  f a r  s t u d i e d ,  p i n e a l  m e l a t o n i n  c o n t e n t  and NAT 
a c t i v i t y  e x h i b i t  marked d a i l y  rhythm s w i t h  h ig h  n i g h t  l e v e l s  and  
low  d a y t im e  v a l u e s  (K le in  1 9 7 9 ) .  In  r a t s  and i n  D ju n g a r ia n  
h a m s t e r s ,  t h e  rhythm i n  m e l a t o n i n  p r o d u c t i o n  i s  a p p a r e n t l y  d r i v e n  
by t h e  NAT rhythm  ( K le in  and W e l le r  1 9 7 0 ,  W ilk in s o n  e t  a l .  1 9 7 7 ,  
I l l n e r o v á  e t  a l .  1 9 8 3 ) .  M e la t o n in  c o n c e n t r a t i o n  s t a r t s  t o  ch a n g e  
d r a m a t i c a l l y  e x a c t l y  a t  t h e  t im e  when NAT a c t i v i t y  b e g i n s  t o  
r i s e  o r  t o  d e c l i n e  ( I l l n e r o v á  e t  a l . 1 9 8 3 ) .  The e v e n in g  NAT and  
m e l a t o n i n  r i s e  i s  p a r a l l e l ,  a s  w e l l  a s  t h e  m orn ing  d e c l i n e  
( F i g .  1 ) .  On t h e  c o n t r a r y ,  HIOMT d o e s  n o t  ch a n g e  s i g n i f i c a n t l y  
t h r o u g h  t h e  w h o le  n i g h t  (Quay 1 9 6 7 ,  K l e i n  and Moore 1 9 7 9 ,  I l l n e -  
r o v á  and V anécek  1 9 8 3 ) .  O b v i o u s l y ,  d r a m a t ic  c h a n g e s  i n  NAT 
a c t i v i t y  t r i g g e r  t h e  b e g in n in g  and t h e  end o f  t h e  h ig h  m e l a t o n i n  
p r o d u c t i o n .  Hence t h e  c i r c a d i a n  NAT rhythm d r i v e s  t h e  m e l a t o n i n  
rhythm and r e g u l a t e s  t h e  d u r a t i o n  o f  t h e  p e r i o d  o f  e l e v a t e d  
n i g h t  m e l a t o n i n  c o n c e n t r a t i o n s .  H ow ever, a s  m e l a t o n i n  c o n c e t r a t -  
i o n  a p p r o a c h e s  i t s  maximum a t  a t im e  when NAT a c t i v i t y  s t i l l  
c o n t i n u e s  t o  r i s e ,  i t  seem s t h a t  so m e th in g  e l s e  b e s i d e s  NAT 
a c t i v i t y  may l i m i t  t h e  maximum n i g h t  m e l a t o n i n  p r o d u c t i o n .  HIOMT 
a c t i v i t y  and c o n c e n t r a t i o n s  o f  s u b s t r a t e s  may b e lo n g  t o  t h e s e  
l i m i t i n g  f a c t o r s  (Wurtman and O zak i 1978) .
1 . 2  C ir c a d ia n  c o n t r o l  o f  t h e  NAT and m e l a t o n i n  rhythm s
The d a i l y  rhythm s i n  NAT a c t i v i t y  and m e l a t o n i n  c o n c e n t r a t ­
io n  a r e  t r u l y  c i r c a d i a n  a s  t h e y  p e r s i s t  under  c o n s t a n t  l i g h t i n g  
c o n d i t i o n s ,  i n  c o n t i n u o u s  d a r k n e s s  ( K le in  and W e l le r  1 9 7 0 ,  R alph  
e t  a l .  1 9 7 1 ,  R alph  e t  a l .  1 9 7 5 ,  P e r lo w  e t  a l .  1981) . The r a t  
p i n e a l  NAT rhythm i s  a b o l i s h e d  e i t h e r  by d e n e r v a t i o n  o f  t h e  
g la n d  th r o u g h  b i l a t e r a l  s u p e r i o r  c e r v i c a l  g a n g l io n e c t o m y  o r  by 
d e c e n t r a l i z a t i o n  o f  t h e  g a n g l i a  ( K le in  e t  a l .  1 9 7 1 ) .  Hence t h e  
rhythm  i s  c o n t r o l l e d  by a pacem aker l o c a t e d  o u t s i d e  t h e  g l a n d ,
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F i g .  1 .  C i r c a d ia n  rhythm o f  N - a c e t y l t r a n s f e r a s e  a c t i v i t y  
( f i l l e d  c i r c l e s )  and m e l a t o n i n  c o n c e n t r a t i o n  (open c i r c l e s )  
i n  t h e  p i n e a l  o f  t h e  r a t  ( l e f t  s i d e  o f  t h e  f i g u r e )  and o f  t h e  
D ju n g a r ia n  h a m ster  ( r i g h t  s i d e ) . Each p o i n t  r e p r e s e n t s  mean 
+SEM o f  4 -6  d e t e r m i n a t i o n s .  The b l a c k  l i n e  under a b c i s s a  i n d i c ­
a t e s  t h e  d u r a t i o n  o f  t h e  d ark  p e r i o d .  N o te  t h a t  v a l u e s  a r e  
e x p r e s s e d  on t h e  l o g a r i t h m i c  s c a l e .
m ost  p r o b a b ly  i n  t h e  s u p r a c h ia s m a t i c  n u c l e u s  o f  t h e  h yp o th a la m u s  
a s  d e s t r u c t i o n  o f  t h e s e  n u c l e i  a l s o  a b o l i s h e s  t h e  NAT rhythm  
( K le in  and Moore 1 9 7 9 ) .  S i g n a l s  o r i g i n a t i n g  i n  t h e  h y p oth a lam u s  
a r e  t r a n s m i t t e d  t o  t h e  p i n e a l  g la n d  by a n e u r a l  c i r c u i t  w h ich  
i n c l u d e s  s u p e r i o r  c e r v i c a l  g a n g l i a  o f  t h e  s y m p a t h e t ic  n e r v o u s  
s y s t e m .  At n i g h t  i n  d a r k n e s s ,  n o r a d r e n a l i n e  r e l e a s e d  from t h e  
s y m p a t h e t ic  n e r v e  e n d in g s  i n  t h e  p i n e a l  g la n d  (B r o w n s te in  and 
A x e lr o d  1974) i n t e r a c t s  w i t h  t h e  b e t a - a d r e n e r g i c  r e c e p t o r s  on 
t h e  p i n e a l  c e l l  membrane e n h a n c in g  t h e  p r o d u c t io n  o f  c  AMP w h ich  
m e d i a t e s  t h e  i n d u c t i o n  and a c t i v a t i o n  o f  NAT ( K le in  and Berg  
1 9 7 0 ) .  B e t a - a d r e n e r g i c  a c t i v a t i o n  i s  p o t e n t i a t e d  by an a l p h a -  
- a d r e n e r g i c  r e c e p t o r  m echanism  ( K le in  e t  a l .  1 9 8 3 ) .  A c t i v a t e d  
b e t a - a d r e n e r g i c  r e c e p t o r s  a r e  n e c e s s a r y  n o t  o n l y  f o r  t h e  e v e n ­
in g  NAT i n d u c t i o n  b u t  f o r  t h e  m a in te n a n c e  o f  t h e  h ig h  n i g h t  
NAT a c t i v i t y  a s  w e l l  (D eg u ch i  and A x e lr o d  1 9 7 2 ) .  Due t o  t h e  
c i r c a d i a n  c o n t r o l  o f  t h e  NAT rhythm , i n d u c t i o n  o f  t h e  h ig h  
a c t i v i t y  i n  d a r k n e s s  o c c u r s  o n l y  a t  n i g h t ;  d u r in g  day r a t s  a r e  
r e f r a c t o r y  t o  d a r k n e s s  ( B in k le y  e t  a l .  1 9 7 4 ,  I l l n e r o v á  1 9 7 4 ) .
2 EFFECT OF LIGHT ON THE NAT AND MELATONIN RHYTHMS
2 . 1  S u p p r e s iv e  e f f e c t s  o f  l i g h t  on t h e  h ig h  n i g h t  m e l a t o n i n  
p r o d u c t io n
Under c o n s t a n t  l i g h t ,  t h e  p i n e a l  rhythm s i n  NAT a c t i v i t y
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and m e l a t o n i n  c o n t e n t  a r e  a b o l i s h e d  i n  t h e  r a t ,  c h ic k e n  and mon­
k ey  ( K le in  e t  a l .  1 9 7 0 ,  R alph  e t  a l .  1 9 7 5 ,  P e r lo w  e t  a l .  1 9 8 1 ) .
In  mammals l i g h t  may a c t  th r o u g h  t h e  r e t i n o h y p o t h a l a m i c  p r o j e c t ­
i o n  t o  t h e  s u p r a c h ia s m a t i c  n u c l e u s  and i t  may i n h i b i t  n e u r o n a l  
t r a n s m i s s i o n  n e c e s s a r y  t o  s t i m u l a t e  t h e  p i n e a l  g la n d  ( K le in  and 
Moore 1 9 7 9 ) .  At n i g h t ,  e x p o s u r e  t o  sudden  l i g h t  o f  a s u f f i c i e n t ­
l y  s t r o n g  i n t e n s i t y  in d u c e s  a r a p id  i n c r e a s e  i n  t h e  p i n e a l  s e r o ­
t o n i n  c o n c e n t r a t i o n  and a p r e c i p i t o u s  d e c l i n e  i n  t h e  m e la t o n in  
c o n c e n t r a t i o n  and NAT a c t i v i t y  t o  d a y t im e  l e v e l s  i n  a l l  mammals 
s o  f a r  s t u d i e d  ( I l l n e r o v á  1 9 7 1 ,  D e g u ch i  and A x e lb r o d  1 9 7 2 ,  K le in  
and W e l le r  1 9 7 2 ,  R o l l a y  and N isw en d er  1 9 7 6 ,  I l l n e r o v á  e t  a l .
1 9 7 8 ,  Tamarkin e t  a l .  1 9 7 9 ,  V anéőek  and I l l n e r o v á  1 9 8 2 a ) .  D i f f e r ­
e n c e  i n  t h e  s e n s i t i v i t y  o f  t h e  p i n e a l  g la n d  t o  l i g h t  e x i s t s  among 
mammals and i t  may be due t o  t h e i r  p r e v i o u s  l i g h t i n g  h i s t o r y  
( R e i t e r  e t  a l .  1 9 8 3 ) .  For e x a m p le ,  w h i t e  l i g h t  o f  t h e  i n t e n s i t y  
o f  0 . 2  l x  i s  s u f f i c i e n t l y  s t r o n g  t o  in d u c e  t h e  NAT d e c l i n e  i n  
r a t s  (Vanécek and I l l n e r o v á  1982b) w h i l e  l i g h t  o f  t h e  i n t e n s i t y  
o f  2500 l x  i s  n e c e s s a r y  t o  in d u c e  t h e  d rop  i n  t h e  p lasm a  m e l a t o ­
n i n  c o n c e n t r a t i o n  i n  humans (Lewy e t  a l .  1 9 8 0 ) .
When r a t s  a r e  e x p o s e d  t o  l i g h t  a t  n i g h t ,  NAT a c t i v i t y  
d e c l i n e s  b i p h a s i c a l l y : f i r s t  w i t h  a h a l v i n g  t im e  3 . 8  min and th e n  
w i t h  a h a l v i n g  t im e  70 min (Vanéőek and I l l n e r o v á  1 9 7 9 ) .  A p p a ren t­
l y ,  t h e  f i r s t  h a l v i n g  t im e  may c o r r e s p o n d  t o  a r a p id  d e a c t i v a t i o n  
o f  t h e  n i g h t  enzyme t o  a l e s s  a c t i v e  form a f t e r  t h e  i n t e r r u p t i o n  
o f  b e t a - a d r e n o c e p t o r s  a c t i v a t i o n  and t h e  se c o n d  h a l v i n g  t im e  may 
c o r r e s p o n d  t o  t h e  c e s s a t i o n  o f  t h e  s y n t h e s i s  o f  t h e  n i g h t  enzyme  
(V anécek and I l l n e r o v á  1 9 8 0 ) .  The m e l a t o n i n  c o n c e n t r a t i o n  and 
NAT a c t i v i t y  d e c l i n e  r a p i d l y  n o t  o n l y  when r a t s  a r e  e x p o s e d  t o  
a p r o lo n g e d  l i g h t  a t  n i g h t  b u t  a l s o  when a n im a ls  a r e  e x p o s e d  o n l y  
t o  a 1 -m in  l i g h t  p u l s e  ( I l l n e r o v á  e t  a l . 1 9 7 9 ) .  When l i g h t  o f  a 
s u f f i c i e n t l y  s t r o n g  i n t e n s i t y  i s  u s e d ,  e v e n  a O .1 -m in  l i g h t  p u l s e  
may in d u c e  t h e  r a p id  NAT d e c l i n e  i n  t h e  c o n t i n u i n g  d a r k n e s s  
(Vanécek and I l l n e r o v á  1 9 8 2 b ) . A f t e r  a 1 -m in  l i g h t  p u l s e ,  NAT 
a c t i v i t y  d e c l i n e s  with t h e  same v e l o c i t y  a s  a f t e r  b e t a - b l o c k e r s  
a d m i n i s t r a t i o n  (V anécek and I l l n e r o v á  1979) . When t h e  b e t a - a d r e ­
n e r g i c  a g o n i s t  i s o p r o t e r e n o l  i s  a p p l i e d  i n  t h e  c o u r s e  o f  a 1 -m in  
p u l s e ,  no NAT d e c l i n e  o c c u r s  ( I l l n e r o v á  and V anécek  1 9 7 9 ) .  H ence ,  
b r i e f  l i g h t  p u l s e s  may s h u t - o f f  o r  r e d u c e  im m e d ia te ly  t h e  n i g h t  
n o r a d r e n a l i n e  r e l e a s e  from n e r v e  e n d in g s  i n  t h e  r a t  p i n e a l  g l a n d .
The s u p p r e s s i v e  e f f e c t  o f  b r i e f  l i g h t  p u l s e s  a t  n i g h t  on  
t h e  h ig h  m e l a t o n i n  p r o d u c t io n  c a n n o t  be  s im p ly  e x p l a i n e d  by a 
lo n g - t e r m  i n h i b i t i o n  o f  t h e  n e u r a l  t r a n s m i s s i o n  t o  t h e  p i n e a l  
g la n d  by a p r o lo n g e d  l i g h t .  R a th e r ,  1 -m in  l i g h t  p u l s e s  m igh t a c t  
a s  p h a s e - r e s e t t i n g  s i g n a l s  o f  t h e  NAT rhythm .
2 . 2  E n t r a i n i n g  e f f e c t s  o f  1 -m in  l i g h t  p u l s e s  on t h e  NAT rhythm
L i g h t ,  b e s i d e s  i t s  s u p p r e s s i v e  e f f e c t  on t h e  h ig h  n i g h t  
m e l a t o n i n  p r o d u c t i o n ,  may e n t r a i n  t h e  e n d o g en o u s  pacem aker  
c o n t r o l l i n g  t h e  p i n e a l  rhythm s w i t h  e n v ir o n m e n t a l  l i g h t i n g .  B r i e f  
l i g h t  p u l s e s  m ig h t  a c t  a l s o  a s  e n t r a i n i n g  s i g n a l s .  When r a t s  
m a in t a in e d  u n d er  t h e  l i g h t - d a r k  r e g im e  LD 1 2 :1 2  a r e  e x p o s e d  t o  
a 1 -m in  l i g h t  p u l s e  b e f o r e  m i d n i g h t ,  NAT a c t i v i t y ,  f o l l o w i n g  t h e  
i n i t i a l  d e c l i n e ,  b e g i n s  t o  i n c r e a s e  anew t o  h ig h  n i g h t  v a l u e s  
a f t e r  a l a g  p e r io d  a s  i f  t h e  e v e n in g  NAT r i s e  w ere p h a s e - d e l a y e d
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F i g .  2: The N - a c e t y l t r a n s f e r a s e ,  rhythm i n  t h e  c o u r s e  o f  n i g h t  
when 1-m in  l i g h t  p u l s e s  w ere  a p p l i e d .  R a ts  m a in t a in e d  i n  LD 12:  
1 2 ,  w i t h  l i g h t s  on from 0 6 0 0  h t o  1800  h w ere  e i t h e r  u n p u ls e d  
( f i l l e d  c i r c l e s )  o r  p u l s e d  a t  2000 h (open c i r c l e s ) , o r  a t  2100  
h ( f i l l e d  t r i a n g l e s ) , o r  a t  2200  h (open t r i a n g l e s ) , o r  a t  
2300  h ( f i l l e d  s q u a r e s ) , o r  a t  01 0 0  h (open s q u a r e s ) , o r  a t  
02 0 0  h ( c r o s s e s ) , o r  a t  0 3 0 0  h ( a s t e r i s k s )  and from t h a t  t im e  
on t h e y  w ere k e p t  i n  d a r k n e s s  u n t i l l  k i l l e d .  Arrows i n d i c a t e  
t im e  o f  t h e  p u l s e s  and p o i n t  t o  t h e  N - a c e t y l t r a n s f e r a s e  v a l u e  
i n  d a r k n e s s  a t  t h e  moment o f  t h e  p u l s e .  D ata  a r e  e x p r e s s e d  a s  
means + S .E .M . o f  f o u r  a n i m a l s .
( F i g .  2 ) ( I l l n e r o v á  and V anécek  1 9 8 2 a , b ) . A f t e r  a 1 -m in  l i g h t  
p u l s e  a p p l i e d  p a s t  m i d n i g h t ,  NAT a c t i v i t y  d e c l i n e s  r a p i d l y  and  
d o e s  n o t  i n c r e a s e  t o  h ig h  n i g h t  v a l u e s  th r o u g h  t h e  r e s t  o f  
n i g h t  a s  i f  t h e  m orn ing  NAT d e c l i n e  w ere p h a s e - a d v a n c e d .  T hus,  
t h e  boundary  b e tw een  r e - i n d u c i b i l i t y  and n o n - i n d u c i b i l i t y  o f  
NAT by d a r k n e s s  a f t e r  b r i e f  l i g h t  p u l s e s  p a s s e s  a p p r o x im a t e ly  
th r o u g h  m i d n i g h t .
L ig h t  p u l s e s  a p p l i e d  b e f o r e  m id n ig h t  m ig h t  p h a s e - d e l a y  t h e  
pacem aker d r i v i n g  t h e  NAT rhythm t o  a p h a se  when NAT a c t i v i t y  
i s  s t i l l  lo w .  S i m i l a r l y ,  p u l s e s  a f t e r  m id n ig h t  m ig h t  p h a s e -  
-a d v a n c e  t h e  pacem aker t o  a p h a s e  when NAT a c t i v i t y  i s  a l r e a d y  
lo w .  To p r o v e  t h a t  1 -m in  l i g h t  p u l s e s  may s e r v e  a s  e f f e c t i v e  
p h a s e - s h i f t i n g  s i g n a l s  o f  t h e  p acem aker , we e x p o s e d  r a t s  t o  
a 1 -m in  l i g h t  p u l s e  a t  0 3 0 0  h ( F i g .  3A) or  a t  2100  h ( F i g .  3B) 
o r  we l e f t  them u n p u l s e d ,  t h e r e a f t e r  we r e l e a s e d  them t o  c o n t i n ­
u o u s  d a r k n e s s  (DD) t o  l e t  t h e  rhythm s become f r e e - r u n n i n g  and 
we d e te r m in e d  t h e  rhythm s a f t e r  o n e  and f o u r  d a y s  i n  DD ( I l l n e -  
ro v á  and Vanéőek  1982 a , b ,  I l l n e r o v á  and V anéöek  1983) . Through  
t h e  w h o le  p a p e r ,  p h a s e - s h i f t s  o f  t h e  e v e n in g  NAT r i s e  a r e  e x -
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F i g .  3 .  The N - a c e t y l t r a n s f e r a s e  rhythm on e  ( l e f t  s i d e  o f  t h e  
f i g u r e )  and f o u r  d a y s  ( r i g h t  s i d e )  a f t e r  a p p l i c a t i o n  o f  a 1 -m in  
l i g h t  p u l s e  a t  03 0 0  h (upper p a r t  o f  t h e  f i g u r e ,  A) or  a t  2100 h 
( lo w e r  p a r t ,  B ) . R a ts  m a in t a in e d  i n  LD 1 2 : 1 2 ,  w i t h  l i g h t s  on 
from 0 6 0 0  h t o  1800 h ,  w ere  e i t h e r  e x p o s e d  t o  a 1 -m in  l i g h t  
p u l s e  (open  c i r c l e s )  o r  t h e y  w ere  l e f t  u n p u ls e d  ( c l o s e d  c i r c l e s )  
and t h e n  t h e y  w ere r e l e a s e d  i n t o  c o n s t a n t  d a r k n e s s .  D ata  a r e  
e x p r e s s e d  a s  means + S .E .M . o f  f o u r  a n im a l s .
p r e s s e d  a s  t h e  t im e  i n t e r v a l  b e tw een  t h e  t im e s  when NAT a c t i v i t y  
r e a c h e s  t h e  v a l u e  o f  3 nmol mg- i  h- 1  d u r in g  i t s  r i s e  i n  p u l s e d  
a n im a ls  and i n  u n p u ls e d  c o n t r o l s .  S i m i l a r l y ,  p h a s e - s h i f t s  o f  t h e  
m orning NAT d e c l i n e  a r e  a lw a y s  e x p r e s s e d  a s  t h e  t im e  i n t e r v a l  
b etw een  t h e  t i m e s  when NAT a c t i v i t y  d e c l i n e s  t o  t h e  v a l u e  o f  3 
nmol mg-1 h- -*- d u r in g  i t s  d e c r e a s e  i n  p u l s e d  a n im a ls  and i n  un­
p u l s e d  c o n t r o l s .  One day a f t e r  t h e  p u l s e  a t  03 0 0  h ,  t h e  e v e n in g  
NAT r i s e  i s  n o t  p h a s e - s h i f t e d  and t h e  m orning  NAT d e c l i n e  i s  
p h a s e -a d v a n c e d  by 2 .7  h .  Four d a y s  a f t e r  t h e  p u l s e  a t  0 3 0 0  h ,  
t h e  r i s e  i s  p h a s e -a d v a n c e d  by 1 .6  h and t h e  d e c l i n e  by 2 . 6  h .
One day a f t e r  t h e  p u l s e  a t  2100  h ,  t h e  e v e n in g  NAT r i s e  i s  
p h a s e - d e l a y e d  by 1 .6  h and t h e  m orning  NAT d e c l i n e  by 1 .3  h .
Four d a y s  a f t e r  t h e  p u l s e  a t  2100  h ,  t h e  r i s e  i s  p h a s e - d e l a y e d  
by 1 .7  h and t h e  d e c l i n e  by 1 . 8  h .  In  t h i s  e x p e r im e n t a l  a r r a n g e ­
m en t ,  p h a s e - s h i f t s  o f  t h e  NAT r i s e  and d e c l i n e  e x p r e s s  p h a s e -  
- s h i f t s  o f  t h e  pacem aker d r i v i n g  t h e  NAT rhythm on e  and f o u r  
d a y s  a f t e r  t h e  p u l s e s .  As t h e  e v e n in g  r i s e  and t h e  m orning  d e ­
c l i n e  do n o t  s h i f t  a lw a y s  p a r a l l e l  a f t e r  t h e  p u l s e s  t h e y  may 
p o s s i b l y  be  d r i v e n  by two c o u p le d  o s c i l l a t o r s :  t h e  e v e n in g  o n e ,  
c o n t r o l l i n g  t h e  NAT r i s e  and t h e  m orning  o n e ,  c o n t r o l l i n g  t h e  
NAT d e c l i n e .
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F i g .  4: P h a s e - r e s p o n s e s  c u r v e s  r e p r e s e n t i n g  p h a s e - s h i f t s  o f  t h e  
e v e n in g  N - a c e t y l t r a n s f e r a s e  r i s e  (A ) , o f  t h e  m orning N - a c e t y l -  
t r a n s f e r a s e  d e c l i n e  (B) and o f  t h e  boundary b e tw een  r e - i n d u c i b i l -  
i t y  and n o n - i n d u c i b i l i t y  o f  N - a c e t y l t r a n s f e r a s e  (C) on e  day  
a f t e r  p r e s e n t a t i o n  o f  1 -m in  l i g h t  p u l s e s .  V a lu e s  o f  p h a s e - s h i f t s  
o f  t h e  e v e n in g  N - a c e t l y t r a n s f e r a s e  r i s e  and o f  t h e  m orning  N - a c e t ­
y l t r a n s f  e r a s e  d e c l i n e  w ere  ta k e n  from I l l n e r o v á  and V anécek  
( 1 9 8 2 a ) , v a l u e s  o f  p h a s e - s h i f t s  o f  t h e  boundary  b e tw een  N - a c e t y l -  
t r a n s f e r a s e  r e - i n d u c i b i l i t y  and n o n - i n d u c i b i l i t y  by d a r k n e s s  
a f t e r  l i g h t  p u l s e s  w ere  ta k e n  from I l l n e r o v á  and V anécek  ( 1 9 8 4 ) .  
A b c i s s a  d e n o t e s  t im e  o f  p u l s e  p r e s e n t a t i o n .  P h a s e - d e l a y s  a r e  
e x p r e s s e d  by t h e  s i g n  - ,  p h a s e - a d v a n c e s  by t h e  s i g n  +.
3 .  TWO-OSCILLATOR STRUCTURE OF THE PACEMAKER CONTROLLING THE 
NAT RHYTHM IN THE RAT PINEAL GLAND
3 . 1  P h a s e - r e s p o n s e  c u r v e s  f o r  s h i f t s  o f  t h e  e v e n in g  NAT r i s e  
and t h e  m orning  NAT d e c l i n e  on e  day a f t e r  a p p l i c a t i o n  o f  
1-m in  l i g h t  p u l s e s
P h a s e - r e s p o n s e  c u r v e s  (PRCs) i n d i c a t e  how t h e  amount and  
t h e  s i g n  o f  a p h a s e - s h i f t ,  in d u c e d  by a s i n g l e  s t i m u l u s ,  i n  our  
c a s e  by a 1 -m in  l i g h t  p u l s e ,  d e p en d s  on t h e  p h a se  a t  w h ich  t h e  
s t i m u l u s  i s  a p p l i e d .  I f  t h e r e  a r e  two o s c i l l a t o r s  d r i v i n g  t h e  
NAT rhythm , th e n  t h e i r  PRCs may n o t  be  i d e n t i c a l .  R a ts  m a in t a in e d  
under  LD 1 2 :1 2  w ere e x p o s e d  t o  1 -m in  l i g h t  p u l s e s  a t  d i f f e r e n t  
n i g h t  t i m e s  o r  t h e y  w ere  l e f t  u n p u l s e d ,  th e n  t h e y  w ere  r e l e a s e d  
i n t o  DD and t h e  n e x t  n i g h t  e v e n in g  NAT r i s e s  and m orning  NAT 
d e c l i n e s  w ere  d e te r m in e d  ( I l l n e r o v á  and V anéőek  1982 a , b ) . 
E xam ples o f  t h e  p h a s e - s h i f t s  a r e  d e p i c t e d  on t h e  l e f t  s i d e  o f
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F i g .  3 .  P h a s e - s h i f t s  o f  t h e  e v e n in g  NAT r i s e  and o f  t h e  m orning  
NAT d e c l i n e  in  p u l s e d  a n im a ls  r e l a t i v e  t o  t h e  p a t t e r n  o f  t h e  NAT 
rhythm i n  u n p u ls e d  c o n t r o l s  a r e  summarized i n  F i g .  4 ,  A, B. The 
PRC d e m o n s t r a t in g  p h a s e - s h i f t s  o f  t h e  e v e n in g  NAT r i s e  one day  
a f t e r  t h e  p u l s e s  h a s  o n ly  p h a s e - d e l a y s  ( F ig .  4 ,  A ) ,  w h i l e  t h e  
PRC d e m o n s t r a t in g  p h a s e - s h i f t s  o f  t h e  m orning NAT d e c l i n e  on e  
day a f t e r  t h e  p u l s e s  h as  p h a s e - d e l a y s  a s  w e l l  a s  p h a s e - a d v a n c e s ,  
th o u g h  p h a s e - a d v a n c e s  a r e  more p ronounced  ( F i g .  4 ,  B ) . From t h e  
e x i s t e n c e  o f  two d i f f e r e n t  PRCs i t  i s  p o s s i b l e  t o  i n f e r  t h a t  
t h e s e  PRCs r e p r e s e n t  p h a s e - s h i f t s  o f  two o s c i l l a t o r s .  H e r e a f t e r  
t h e  e v e n in g  o s c i l l a t o r  w i l l  be  d e s i g n a t e d  E and t h e  m orning  
o s c i l l a t o r  M a c c o r d in g  t o  P i t t e n d r i g h  and Daan (1976)  who p r o p o s ­
ed t h a t  E, c o u p le d  t o  d u s k ,  c o n t r o l s  t h e  e v e n in g  com ponent o f  t h e  
lo c o m o to r  a c t i v i t y  i n  r o d e n t s ,  w h i l e  M, c o u p le d  t o  dawn, c o n t r o l s  
t h e  m orning com ponent.
3 . 2  P h a s e - r e s p o n s e  c u r v e  f o r  s h i f t s  o f  t h e  boundary b e tw een  r e -  
- i n d u c i b i l i t y  and n o n - i n d u c i b i l i t y  o f  NAT o n e  day a f t e r  
a p p l i c a t i o n  o f  1 -m in  l i g h t  p u l s e s
In  r a t s  m a in t a in e d  i n  LD 1 2 :1 2  and th e n  r e l e a s e d  i n t o  DD, 
t h e  se c o n d  day on DD t h e  boundary b e tw een  r e - i n d u c i b i l i t y  and  
n o n - i n d u c i b i l i t y  o f  NAT by d a r k n e s s  a f t e r  1-m in l i g h t  p u l s e s  
p a s s e s  a p p r o x im a t e ly  th r o u g h  0015  h ( I l l n e r o v á  and V anécek  1 9 8 4 ) .  
When r a t s  a r e  p r e s e n t e d  w i t h  1 -m in  l i g h t  p u l s e s  t h e  f i r s t  n i g h t  
and th e n  t h e y  a r e  r e l e a s e d  i n t o  DD, t h e  se c o n d  n i g h t  t h e  boundary  
b etw een  r e - i n d u c i b i l i t y  and n o n - i n d u c i b i l i t y  may be p h a s e - s h i f t ­
e d .  For e x a m p le ,  i n  r a t s  p u l s e d  a t  2200  h t h e  f i r s t  n i g h t ,  NAT 
i s  s t i l l  i n d u c i b l e  by d a r k n e s s  a f t e r  a 1 -m in  l i g h t  p u l s e  a p p l i e d  
a t  01 0 0  h on t h e  se c o n d  n i g h t ,  b u t  n o t  a f t e r  on e  a t  0 2 0 0  h .  The 
boundary i n  t h e s e  r a t s  i s  t h u s  a b o u t  01 3 0  h and i t  i s  p h a s e -  
- d e l a y e d  by 1 .2 5  h r e l a t i v e  t o  t h e  boundary i n  u n p u ls e d  c o n t r o l s .  
In r a t s  p u l s e d  a t  0 3 0 0  h t h e  f i r s t  n i g h t ,  NAT i s  s t i l l  i n d u c i b l e  
by d a r k n e s s  a f t e r  a p u l s e  a t  2100  h t h e  se c o n d  n i g h t ,  b u t  n o t  
a f t e r  on e  a t  2200 h .  The boundary  t h u s  p a s s e s  a p p r o x im a t e ly  
th r o u g h  2130  h and i t  i s  p h a s e -a d v a n c e d  by 2 .7 5  h r e l a t i v e  t o  
t h e  boundary i n  u n p u ls e d  c o n t r o l s .  P h a s e - s h i f t s  o f  t h e  boundary  
b etw een  r e - i n d u c i b i l i t y  and n o n - i n d u c i b i l i t y  o f  NAT on e  day  
a f t e r  a p p l i c a t i o n  o f  1 -m in  l i g h t  p u l s e s  a t  d i f f e r e n t  n i g h t  t im e s  
a r e  summarized i n  t h e  PRC ( F i g .  4 ,  C) ( I l l n e r o v á  and V anécek  
1 9 8 4 ) .  When t h e  p u l s e s  a r e  p r e s e n t e d  b e f o r e  m id n ig h t  t h e  f i r s t  
n i g h t ,  t h e  se c o n d  n i g h t  t h e  b o u n d a r ie s  b e tw een  r e - i n d u c i b i l i t y  
and n o n - i n d u c i b i l i t y  o f  NAT a f t e r  1 -m in  l i g h t  p u l s e s  a r e  p h a s e -  
- d e l a y e d  r e l a t i v e  t o  t h e  boundary  i n  u n p u ls e d  r a t s .  When t h e  
p u l s e s  a r e  p r e s e n t e d  a f t e r  m id n ig h t  t h e  f i r s t  n i g h t ,  t h e  se c o n d  
n i g h t  b o u n d a r ie s  a r e  p h a s e - a d v a n c e d .  The PRC r e p r e s e n t i n g  s h i f t s  
o f  t h e  boundary  ( F i g .  4 ,  C) and t h e  PRC r e p r e s e n t i n g  s h i f t s  o f  
t h e  m orning NAT d e c l i n e  ( F i g .  4 ,  B) a r e  a lm o s t  i d e n t i c a l .  Hence  
b o th  PRCs may be m a n i f e s t a t i o n s  o f  p h a s e - s h i f t s  o f  t h e  m orning  
o s c i l l a t o r .  R e - i n d u c i b i l i t y  o r  n o n - i n d u c i b i l i t y  o f  NAT a f t e r  
b r i e f  l i g h t  p u l s e s  a t  n i g h t  may t h u s  be  s o l e l y  a f u n c t i o n  o f  t h e  
p h a se  o f  M a t  t h e  t im e  o f  l i g h t  p u l s e  p r e s e n t a t i o n .  The boundary  
may i n d i c a t e  a c e r t a i n  p h a se  o f  M, i n  w h ich  M b e g i n s  t o  be  s e n s ­
i t i v e  t o  l i g h t  and can  be i n s t a n t a n e o u s l y  p h a s e -a d v a n c e d  by a 
l i g h t  p u l s e  t o  a p h a se  when NAT a c t i v i t y  i s  a l r e a d y  lo w ,  i . e .  
t h e  boundary may i n d i c a t e  t h e  p h a s e  when M a ssu m es i t s  r o l e  i n  
t h e  s y n c h r o n i z a t i o n  o f  t h e  NAT rhythm by l i g h t .
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3 .3  G e n e r a l  d i s c u s s i o n  on t h e  t w o - o s c i l l a t o r  p acem aking s y s te m
c o n t r o l l i n g  t h e  c i r c a d i a n  NAT rhythm
Our r e s u l t s  i n d i c a t e  t h a t  i n  t h e  r a t  p i n e a l  g la n d  t h e  
c i r c a d i a n  NAT rhythm i s  c o n t r o l l e d  by a com p lex  pacem aker c o n ­
s i s t i n g  o f  a t  l e a s t  two o s c i l l a t o r s ,  t h e  e v e n in g  o n e ,  E, c o n t r o l l ­
in g  t h e  NAT r i s e  and t h e  m orning  o n e ,  M, c o n t r o l l i n g  t h e  NAT d e ­
c l i n e .  E may be c o u p le d  t o  d u sk ,  M t o  dawn. B oth  o s c i l l a t o r s  
a r e  c o u p le d  i n  a m u tu a l  p h a s e - r e l a t i o n  and i n t e r a c t  w i t h  ea ch  
o t h e r  ( I l l n e r o v á  and V anécek  1982 a , b ) . When a l i g h t  p u l s e  i s  
p r e s e n t e d  i n  t h e  f i r s t  h a l f  o f  n i g h t ,  E may be i n s t a n t a n e o u s l y  
p h a s e - d e l a y e d  ( F i g .  2 ) .  The n e x t  n i g h t  and t h e r e a f t e r ,  t h e  p h a s e -  
- d e l a y s  a r e  s m a l l e r  th a n  i n s t a n t a n e o u s  p h a s e - s h i f t s  o f  E, due  
t o  m u tu a l  i n t e r a c t i o n  b e tw e e n  E and M ( F i g .  3 ,  4 ,  A ) .  The p h a s e -  
- d e l a y e d  E may f o r c e  M t o  p h a s e - d e l a y .  The n i g h t  when a p u l s e  
i s  a p p l i e d  b e f o r e  m i d n i g h t ,  t h e  m orning  NAT d e c l i n e ,  w h ich  r e ­
p r e s e n t s  a p h a s e  o f  M, i s  p h a s e - d e l a y e d  o n l y  s l i g h t l y  ( l l l n e r o -  
vá  and V an écek  1982 a ,  1984) , how ever t h e  n e x t  n i g h t  M i s  a l r e a d y  
p h a s e - d e l a y e d  a lm o s t  a s  much a s  E ( F i g .  3 ,  4 ,  B) and a f t e r  f o u r  
d a y s  p h a s e - d e l a y s  o f  E and M may be e q u a l  ( F i g .  3 ) .  When a l i g h t  
p u l s e  i s  p r e s e n t e d  a f t e r  m i d n i g h t ,  M may be i n s t a n t a n e o u s l y  
p h a s e -a d v a n c e d  ( F i g .  2 ,  4 ,  C) . The n e x t  n i g h t  and t h e r e a f t e r ,  
t h e  p h a s e - a d v a n c e s  a r e  s m a l l e r  th a n  i n s t a n t a n e o u s  p h a s e - s h i f t s  
o f  M. One day a f t e r  1 -m in  l i g h t  p u l s e s ,  E i s  n o t  y e t  p h a s e -  
-a d v a n c e d  by t h e  p h a s e -a d v a n c e d  M ( F i g .  3 ,  4 ,  A );  o n l y  a f t e r  
f o u r  d a y s ,  E becom es t o  be p h a s e -a d v a n c e d  t o o  ( F ig .  3) ( I l l n e r o -  
vá  and V an écek  1 9 8 3 ) .  H ow ever, e v e n  a t  t h a t  t i m e ,  t h e  amount o f  
t h e  p h a s e - a d v a n c e  o f  E i s  s t i l l  s m a l l e r  th a n  t h a t  o f  M. H ence ,
E may be more s t a b l e  and may h a v e  g r e a t e r  im p a ct  on M th a n  v i c e  
v e r s a .
4 PHASE-RELATION BETWEEN THE EVENING AND THE MORNING OSCILLATOR
4 . 1  Rhythms i n  NAT and m e l a t o n i n  under  d i f f e r e n t  p h o t o p e r io d s
The t im e  when NAT a c t i v i t y  i n  t h e  r a t  p i n e a l  g la n d  r e a c h e s  
t h e  v a l u e  o f  3 nmol mg- l h - l  d u r in g  i t s  e v e n in g  r i s e  may be 
a r b i t r a r i l y  c h o s e n  a s  t h e  p h a s e - r e f e r e n c e  p o i n t  f o r  E. S i m i l a r ­
l y ,  t h e  t im e  when NAT a c t i v i t y  d e c l i n e s  t o  3 nmol mg- -'- h-  ^
d u r in g  i t s  d e c r e a s e  may b e  c h o s e n  a s  t h e  p h a s e - r e f e r e n c e  p o i n t  
f o r  M. The t im e  i n t e r v a l  b e tw e e n  b o th  r e f e r e n c e  p o i n t s  i n d i c a t e s  
p h a s e - r e l a t i o n  b e tw e e n  E and M sh ow in g  a t  t h e  same t im e  d u r a t i o n  
o f  t h e  p e r i o d  when NAT a c t i v i t y  i s  e q u a l  o r  h i g h e r  th a n  3 nmol 
mg-1 h- -'-. Thus t h e  p h a s e - r e l a t i o n  b e tw e e n  b o th  o s c i l l a t o r s  may 
d e t e r m in e  t h e  p e r i o d  o f  e l e v a t e d  n i g h t  NAT and m e l a t o n i n  l e v e l s  
( I l l n e r o v á  and V anéőek  1982 a , b ) . L ig h t  i n t r u d i n g  i n  t h e  l a t e  
e v e n in g  h o u r s  may p h a s e - d e l a y  E, j u s t  a s  l i g h t  i n t r u d i n g  i n  t h e  
e a r l y  m orning  h o u r s  may p h a s e - a d v a n c e  M. T h e r e f o r e ,  i t  i s  
p o s s i b l e  t o  i n f e r  t h a t  on  lo n g  d a y s  t h e  p h a s e - r e l a t i o n  b e tw een  
E and M and h e n c e  t h e  d u r a t i o n  o f  e l e v a t e d  n o c t u r n a l  NAT and  
m e l a t o n i n  l e v e l s  may be co m p r e sse d  and on s h o r t  d a y s  i t  may be  
d e c o m p r e s s e d .  I t  a p p e a r s  t o  be r e a l l y  s o .  In  r a t s  m a in t a in e d  
u nder  t h e  a r t i f i c i a l  l i g h t i n g  r e g im e  LD 1 6 :8  o r  i n  n a t u r a l  
d a y l i g h t  i n  J u n e ,  t h e  p e r i o d  o f  e l e v a t e d  NAT l e v e l s  i s  c o m p r e s s -
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F i g .  5 .  The N - a c e t y l t r a n s f e r a s e  rhythm under  a r t i f i c i a l  l i g h t -  
-d a r k  r e g im e s  ( l e f t  s i d e  o f  t h e  f i g u r e ,  A) o r  i n  n a t u r a l  d a y ­
l i g h t  ( r i g h t  s i d e ,  B ) . L in e s  under  a b c i s s a  i n d i c a t e  p e r i o d s  o f  
d a r k n e s s  o r  p e r i o d s  b e tw een  s u n s e t s  and s u n r i s e s ,  r e s p e c t i v e l y .  
F i l l e d  c i r c l e s ,  r a t s  k e p t  f o r  5 w eeks i n  LD 1 6 :8  ( l e f t  s i d e )  or  
r a t s  k e p t  i n  n a t u r a l  d a y l i g h t  and k i l l e d  on June  2 0  ( r i g h t  s i d e )  
Open c i r c l e s ,  r a t s  k e p t  f o r  5 w eeks  i n  LD 8 :1 6  ( l e f t  s i d e )  or  
r a t s  k e p t  i n  n a t u r a l  d a y l i g h t  and k i l l e d  on December 19 ( r i g h t  
s i d e ) . D ata  a r e  e x p r e s s e d  a s  means + SEM o f  f o u r  ( l e f t  s i d e )  
o r  t h r e e  ( r i g h t  s i d e )  a n im a ls  and w ere  ta k e n  from I l l n e r o v á  and 
V anéőek ( 1 9 8 0 ) .
ed a s  com pared w i t h  t h e  p e r i o d  u nder  LD 8 :1 6  or  i n  n a t u r a l  d a y ­
l i g h t  i n  December ( F i g .  5) ( I l l n e r o v á  and V anécek  1 9 8 0 ,  1 9 8 2 b ) . 
The p h a s e - r e l a t i o n  b e tw e e n  E and M i s  5 . 1  h under  LD 1 6 : 8 ,  8 . 5  
h under  LD 8 : 1 6 ,  5 .3  h i n  Ju n e  and 1 0 .3  i n  D ecem ber. The e x t e n s ­
io n  o f  t h e  p e r i o d  p r o c e e d s  m a in ly  i n t o  t h e  m orning  h o u r s .
The p e r i o d  o f  e l e v a t e d  NAT and m e l a t o n i n  l e v e l s  i s  l o n g e r  
u nder  s h o r t  th a n  u n d er  lo n g  d a y s  a l s o  i n  o t h e r  a n im a ls :  in  
D ju n g a r ia n  h a m s te r s  (Hoffmann e t  a l .  1 9 8 1 ,  Goldman e t  a l .  1 9 8 1 ,  
I l l n e r o v á  e t  a l .  1 9 8 4 ) ,  S y r ia n  h a m s te r s  (B r a in a r d  e t  a l .  1 9 8 2 ) ,  
w h i t e - f o o t e d  m ic e  (R ob ert  L yn ch , p e r s o n a l  c o m m u n ic a t io n ) , ew es  
( R o l la g  and N isw en d er  1 9 7 6 ,  A ren d t  e t  a l .  1981) and c h ic k e n  
( B in k le y  e t  a l .  1 9 7 7 ) .  Hence p a t t e r n s  o f  m e l a t o n i n  r e l e a s e ,  name 
l y  t h e  d u r a t i o n  o f  n o c t u r n a l  m e l a t o n i n  p r o d u c t io n  and s e c r e t i o n ,  
may p r o v id e  a n im a ls  w i t h  t h e  i n f o r m a t i o n  on day l e n g t h  (Hoffmann  
1 9 7 8 ,  1 9 8 1 ,  Hoffmann e t  a l .  1 9 8 1 ,  I l l n e r o v á  and V an écek  1 9 8 0 ,  
1 9 8 3 ,  Goldman e t  a l .  1 9 8 1 ,  C a r t e r  and Goldman 1 9 8 3 ) .  When t h e  
p e r i o d  o f  e l e v a t e d  n i g h t  m e l a t o n i n  l e v e l s  i s  a r t i f i c i a l l y  p r o ­
lo n g e d  on lo n g  d a y s  e i t h e r  by t h e  a d m i n i s t r a t i o n  o f  e x o g e n o u s
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m e l a t o n i n  t o  i n t a c t  S y r ia n  h a m s te r s  a t  a p r o p e r  t im e  (Tamarkin  
e t  a l .  1976) o r  by t h e  i n c r e a s e  o f  en d o g en o u s  m e l a t o n i n  a f t e r  
t h e  b e t a - a d r e n e r g i c  a g o n i s t  a d m i n i s t r a t i o n  t o  m ale  r a t s  s e n s i t ­
i z e d  t o  s h o r t  p h o t o p e r i o d s  (Vanécek and I l l n e r o v á  1 9 8 3 ) ,  p h y s i o ­
l o g i c a l  r e s p o n s e s  o f  a n im a ls  a r e  s i m i l a r  t o  t h e  r e s p o n s e s  t o  
s h o r t  d a y s .  From t h i s  p o i n t  o f  v ie w  t h e  im p o r ta n c e  o f  b r i e f  
l i g h t  p u l s e s  a t  n i g h t  i s  e v i d e n t .  For ex a m p le ,  t h e  p h a s e - r e l a t ­
io n  b e tw e e n  E and M may be d r a s t i c a l l y  r e d u c e d  by a 1 -m in  l i g h t  
p u l s e  a p p l i e d  a t  0 3 0 0  h and t h e  c o m p r e s s io n  may p e r s i s t  n o t  o n ly  
f o r  on e  d a y ,  b u t  a p p a r e n t l y  f o r  f o u r  d a y s  and e v e n  lo n g e r  ( F ig .
3) ( I l l n e r o v á  and V anécek  1 9 8 3 ) .  C o n s e q u e n t ly ,  t h e  p e r i o d  o f  
e l e v a t e d  m e l a t o n i n  l e v e l s  may *be s h o r t e n e d  and t h e  p u l s e d  a n im a ls  
may r e c e i v e  wrong i n f o r m a t i o n s  on day l e n g t h .
F i g .  6 .  Rhythm i n  p lasm a m e l a t o n i n  c o n c e n t r a t i o n  o f  t h e  u r b a n is e d  
man i n  J u l y  ( f i l l e d  c i r c l e s )  and J a n u ary  (open c i r c l e s ) . F iv e  
h e a l t h y  v o l u n t e e r s  w ere  sam p led  b e tw e e n  J u l y  4 and 5 ,  and a g a in  
t h e s e  f i v e  p e r s o n s  p l u s  two o t h e r  v o l u n t e e r s  w ere sam pled  b e tw een  
J a n u a ry  13 and 1 4 .  M e la t o n in  i n  p lasm a was m easured  by d i r e c t  
r a d io im m u n o a ssa y  ( F r a s e r  e t  a l .  1983) w i t h  t h e  a n t i s e r u m ,  b a tc h  
7 0 4 - 1 8 9 ,  p r o v id e d  k i n d l y  by d r .  J .  A r e n d t ,  v i a  G u i ld h a y  A n t i ­
s e r a ,  D epartm ent o f  B i o c h e m i s t r y ,  U n i v e r s i t y  o f  S u r r e y .  For  
e a c h  i n d i v i d u a l ,  t h e  mean n i g h t  m e la t o n in  c o n c e n t r a t i o n  was 
c a l c u l a t e d  from  f i v e  h i g h e s t  v a l u e s  and i t  was h e ld  a s  100  %. 
I n d i v i d u a l  p a t t e r n s  o f  m e l a t o n i n  rhythm s w ere  e x p r e s s e d  i n  % 
o f  t h e  mean n i g h t  v a l u e .  P o i n t s  a r e  means o f  5 o r  7 p e r s o n s  
+ SEM.
I t  seem s t h a t  humans, a t  l e a s t  u r b a n i s e d  p e r s o n s ,  m ig h t  be  
an e x c e p t i o n  among mammals, a s  t h e y  do n o t  r e sp o n d  t o  s h o r t  d a y s  
i n  w i n t e r  by e x t e n s i o n  o f  t h e  p e r i o d  o f  e l e v a t e d  p lasm a m e la t o n in
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F i g .  7 .  The N - a c e t y l t r a n s f e r a s e  rhythm i n  r a t s  m a in t a in e d  f o r  
4 w eeks  under LD 1 8 :6  ( c l o s e d  c i r c l e s )  o r  under  LD 6 :1 8  (open  
c i r c l e s ) . L in e s  u nder  a b c i s s a  i n d i c a t e  p e r i o d s  o f  d a r k n e s s .  
D ata  a r e  e x p r e s s e d  a s  means + SEM o f  4 a n i m a l s .
l e v e l s .  In  Ja n u a ry  a s  i n  J u l y ,  t h i s  p e r i o d  i s  a b o u t  8 h ,  how­
e v e r  i n  J a n u a ry  t h e  w h o le  rhythm i s  p h a s e - d e l a y e d  by 1 .2  t o  1 .5  
h r e l a t i v e  t o  t h e  p a t t e r n  i n  J u l y  ( t h e  v a l u e s  a r e  r e a d  from  
F i g .  6 a t  t h e  l e v e l  o f  60 % o f  mean n i g h t  m e la t o n in  c o n c e n t r a t ­
i o n s )  . N e v e r t h e l e s s ,  i t  i s  n e c e s s a r y  t o  b e a r  i n  mind t h a t  
u r b a n is e d  p e r s o n s  m ig h t  e x p e r i e n c e  a b o u t  12 h o f  u n i n t e r r u p t e d  
l i g h t  o f  l e s s e r  i n t e n s i t y  th a n  i s  t h e  n e c e s s a r y  i n t e n s i t y  f o r  
s u p p r e s s i o n  o f  t h e  h ig h  n i g h t  m e l a t o n i n  p r o d u c t io n  (Lewy e t  a l .
1 9 8 0 ) .  I t  c a n n o t  be e x c lu d e d  t h a t  i n  r u r a l  men p a t t e r n s  o f  m e la ­
t o n i n  rhythm m ig h t  be  d i f f e r e n t  i n  summer and i n  w i n t e r .
4 . 2  C o n t r o l  o f  t h e  NAT rhythm under e x t r e m e ly  lo n g  and s h o r t
p h o t o p e r io d s
When r a t s  a r e  m a in t a in e d  under  LD 1 8 : 6 ,  t h e  p e r i o d  o f  e l e v ­
a t e d  n i g h t  NAT i s  a b o u t  4 . 6  h ,  when r a t s  a r e  m a in t a in e d  under  
LD 6 : 1 8 ,  t h e  p e r io d  i s  a b o u t  1 0 . 1  h ( F i g .  7 ) .  Even under  such  
an e x t r e m e ly  lo n g  p h o t o p e r io d  o f  18 h o f  l i g h t  p er  d a y ,  t h e  NAT 
rhythm i s  s y n c h r o n i z e d .  The m orning  NAT d e c l i n e  o c c u r s  s p o n t a n ­
e o u s l y  b e f o r e  l i g h t s - o n .  Under t h e  e x t r e m e ly  s h o r t  p h o t o p e r io d  
o f  6 h o f  l i g h t  p e r  d a y ,  t h e  NAT rhythm e x t e n d s  i n t o  t h e  m orning  
h o u r s  and t h e  e v e n in g  r i s e  o c c u r s  o n l y  s i x  h o u rs  a f t e r  l i g h t s -  
- o f f .  Under t h e  lo n g  p h o t o p e r i o d ,  t h e  p h a s e - r e l a t i o n  b e tw e e n  E 
and M i s  a p p a r e n t l y  co m p ressed  t o  a h ig h  d e g r e e ,  u n d er  t h e  s h o r t  
p h o t o p e r io d  t h e  p h a s e  r e l a t i o n  may be c o m p l e t e l y  d e c o m p r e s s e d .  
The s t r e n g t h  o f  t h e  m u tu a l i n t e r a c t i o n  b e tw een  E and M may d e -
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F i g .  8 .  P h a s e - r e s p o n s e  c u r v e s  o f  t h e  e v e n in g  NAT r i s e  (E) and 
o f  t h e  m orning  N - a c e t y l t r a n s f e r a s e  d e c l i n e  (M) on e  day  a f t e r  
a p p l i c a t i o n  o f  1 -m in  l i g h t  p u l s e s  t o  r a t s  m a in t a in e d  f o r  fo u r  
w eeks u nder  LD 1 8 :6  (A) or  u nder  LD 6 :1 8  ( B ) . V a lu e s  o f  p h a s e -  
- s t i f t s  w ere  r e a d  from t h e  g r a p h ic  i l l u s t r a t i o n  o f  e v e n in g  
N - a c e t y l t r a n s f e r a s e  r i s e s  and o f  m orning  N - a c e t y l t r a n s f e r a s e  
d e c l i n e s  i n  p u l s e d  r a t s  and i n  u n p u ls e d  c o n t r o l s  (n o t  s h o w n ) . 
A b c i s s a  d e n o t e s  t im e  o f  p u l s e  p r e s e n t a t i o n .  P h a s e - d e l a y s  a r e  
e x p r e s s e d  by t h e  s i g n  - ,  p h a s e - a d v a n c e s  by t h e  s i g n  + .
pend on t h e  p h a s e - r e l a t i o n  b e tw een  them ( P i t t e n d r i g h  and Daan 
1 9 7 6 ,  I l l n e r o v á  and V anécek  1 9 8 2 a , b ) . The more t h e  p h a s e - r e l a t ­
io n  i s  c o m p r e sse d ,  t h e  more t h e  i n t e r a c t i o n  b e tw een  E and M may 
a f f e c t  s e p a r a t e  p h a s e - s h i f t s  o f  E and M and th u s  i n f l u e n c e  t h e  
n e t  p h a s e - s h i f t s  o f  t h e  c o u p le d  s y s t e m .  Hence t h e  r e s u l t a n t  
p h a s e - s h i f t s  o f  E and M one day a f t e r  a p p l i c a t i o n  o f  b r i e f  l i g h t  
p u l s e s  a t  n i g h t  m ig h t  be  a f f e c t e d  more by t h e  i n t e r a c t i o n  
b e tw e e n  E and M u nder  t h e  e x t r e m e ly  lo n g  p h o t o p e r io d  th a n  under  
t h e  s h o r t  p h o t o p e r i o d .  I t  seem s t o  be  r e a l l y  so  ( F i g .  8 ) .  R a ts  
m a in t a in e d  e i t h e r  under  LD 1 8 :6  o r  LD 6 :1 8  w ere  e x p o s e d  t o  1 -  
min l i g h t  p u l s e s  a t  d i f f e r e n t  n i g h t  t i m e s  o r  t h e y  w ere  l e f t  
u n p u l s e d ,  t h e n  t h e y  w ere  r e l e a s e d  i n t o  DD and t h e  n e x t  n i g h t  
t h e  e v e n in g  NAT r i s e s  and t h e  m orning  NAT d e c l i n e s  w ere  d e te r m ­
i n e d .  P h a s e - s h i f t s  o f  t h e  e v e n in g  NAT r i s e  and o f  t h e  m orning  
NAT d e c l i n e  o f  t h e  p u l s e d  r a t s  r e l a t i v e  t o  t h e  p a t t e r n s  i n  t h e  
u n p u ls e d  c o n t r o l s  u n d er  lo n g  d a y s  ( F i g .  8 ,  A) and under s h o r t  
d a y s  ( F i g .  8 ,  B) a r e  summarized i n  PRCs. Under LD 1 8 : 6 ,  i n  t h e  
c o m p ressed  s t a t e  o f  t h e  p h a s e - r e l a t i o n  b e tw e e n  E and M, p h a s e -  
- s h i f t s  o f  E and M on e  day a f t e r  1 -m in  l i g h t  p u l s e s  a r e  s m a l l e r  
th a n  s h i f t s  under LD 6 :1 8  o r  u n d er  LD 1 2 :1 2  ( F ig .  4 ,  A , B ) , due  
t o  a s t r o n g e r  i n t e r a c t i o n  b e tw een  E and M. L ig h t  p u l s e s  a t
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2300 h and a t  01 0 0  h s l i g h t l y  p h a s e - d e l a y  E, b u t  a t  t h e  same 
t im e  t h e y  p h a s e -a d v a n c e  M. T h is  o b s e r v a t i o n  may i n d i c a t e  t h a t  
under  a v e r y  lo n g  p h o t o p e r io d  a p u l s e  a p p l i e d  around m id n ig h t  
may i n t e r f e r e  w i t h  b o th  o s c i l l a t o r s  and h e n c e  s p h e r e s  o f  E and  
M may o v e r l a p .  Under LD 6 : 1 8 ,  p h a s e - s h i f t s  o f  E and M on e  day  
a f t e r  1 -m in  l i g h t  p u l s e s  a r e  l a r g e r  th a n  s h i f t s  under LD 1 8 :6  
or  under LD 1 2 :1 2  ( F ig .  4 ,  A , B ) , due t o  a w eaker i n t e r a c t i o n  
b etw een  E and M. O b v io u s ly ,  s h i f t s  o f  t h e  NAT rhythm may v a r y  
d e p e n d in g  on t h e  l i g h t i n g  r e g im e  under  w h ich  a n im a ls  a r e  m ain ­
t a i n e d .  Under LD 1 8 : 6 ,  a 1 -m in  l i g h t  p u l s e  a p p l i e d  w i t h i n  1 h 
a f t e r  l i g h t s - o f f  p h a s e - d e l a y s  E t h e  n e x t  d a y ,  t h e  p u l s e  a p p l i e d  
w i t h i n  1 h b e f o r e  l i g h t s - o n  p h a s e - a d v a n c e s  M. Under LD 6 : 1 8 ,  a 
l i g h t  p u l s e  a p p l i e d  w i t h i n  1 h a f t e r  l i g h t s - o f f  d o e s  n o t  p h a s e -  
- d e l a y  E, how ever a p u l s e  a p p l i e d  1 h b e f o r e  l i g h t s - o n  s t i l l  
p h a s e - a d v a n c e s  M. Hence i t  may be i n f e r r e d  t h a t  under  lo n g  d a y s  
t h e  NAT rhythm i s  s y n c h r o n iz e d  by e v e n in g  a s  w e l l  a s  by m orning  
l i g h t ,  w h i l e  under  s h o r t  d a y s  t h e  rhythm  may be s y n c h r o n iz e d  
o n ly  by m orning l i g h t  and t h e  p h a s e - r e l a t i o n  b e tw e e n  E and M 
may be s t a b l e .
5 CONCLUSIONS
The c i r c a d i a n  rhythm o f  NAT a c t i v i t y  i n  p i n e a l  g la n d  o f  
r a t s  and D ju n g a r ia n  h a m s te r s  d r i v e s  t h e  rhythm i n  m e la t o n in  
p r o d u c t io n  and r e g u l a t e s  t h e  d u r a t i o n  o f  t h e  p e r i o d  o f  e l e v a t e d  
n o c t u r n a l  m e la t o n in  l e v e l s .  Our r e s u l t s  i n d i c a t e  t h a t  i n  r a t s  
t h e  NAT rhythm may be d r i v e n  by a com p lex  pacem aker c o n s i s t i n g  
o f  a t  l e a s t  two o s c i l l a t o r s ,  t h e  e v e n in g  o n e ,  c o n t r o l l i n g  t h e  
NAT r i s e  and c o u p le d  t o  d u sk  and t h e  m orning o n e ,  c o n t r o l l i n g  
t h e  NAT d e c l i n e  and c o u p le d  t o  dawn. B oth  o s c i l l a t o r s  a r e  c o n p le d  
i n  a m u tu a l  p h a s e - r e l a t i o n  and i n t e r a c t  w i t h  e a c h  o t h e r .  The 
p h a s e - r e l a t i o n  may d e t e r m in e  t h e  p e r io d  o f  h ig h  n i g h t  NAT a c t i v ­
i t y .  Under lo n g  p h o t o p e r i o d s ,  t h e  p h a s e - r e l a t i o n  b e tw een  t h e  
e v e n in g  and t h e  m orning  o s c i l l a t o r  i s  com p ressed  and t h e  p e r io d  
o f  e l e v a t e d  n o c t u r n a l  NAT and m e la t o n in  l e v e l s  i s  s h o r t .  Under  
s h o r t  p h o t o p e r io d s  t h e  p h a s e - r e l a t i o n  i s  d e c o m p r e sse d  and h e n c e  
t h e  d u r a t i o n  o f  e l e v a t e d  n i g h t  NAT and m e l a t o n i n  l e v e l s  i s  l o n g .  
B r i e f  l i g h t  p u l s e s  a t  n i g h t  may a l s o  com p ress  t h e  p h a s e - r e l a t i o n  
b etw een  b o th  o s c i l l a t o r s .  On lo n g  d a y s ,  t h e  NAT rhythm may be  
s y n c h r o n iz e d  by e v e n in g  a s  w e l l  a s  by m orning l i g h t ,  on s h o r t  
d a y s  o n l y  by m orning  l i g h t .
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In o v i n e s ,  a s  in a n  e v e r - i n c r e a s i n g  n u m b e r  o f  p h o t o  p e r  i o d ic  s p e c i e s ,  i t  h a s  b e c o m e  
e v i d e n t  t h a t  t h e  p r e s e n c e  o f  a n  i n t a c t  p i n e a l  g l a n d  is  e s s e n t i a l  f o r  t h e  r e c o g n i t i o n  o f  
c h a n g i n g  d a y l e n g t h ,  p a r t i c u l a r l y  in  r e s p e c t  o f  r e p r o d u c t i v e  r e s p o n s e s .  T h e  w o r k  o f  
L i n c o l n  (1 9 7 9 )  a n d  B i t t m a n  e t  a l  ( 1 9 8 3 a )  h a s  s h o w n  t h a t  d e n e r v a t i o n  o f  t h e  g l a n d  o r  
p i n e a l e c t o m y  in r a m s  a n d  p i n e a l e c t o m y  in e w e s  e f f e c t i v e l y  b l i n d s  t h e  a n i m a l  to  
a r t i f i c i a l  p h o t o p e r i o d  c h a n g e .  P i n e a l e c t o m y  in r a m s  r e s u l t s  in d e s y n c h r o n i s a t i o n  o f  
t h e  r e p r o d u c t i v e  c y c l e  w i t h  t h e  a n n u a l  c y c l e  u n d e r  n a t u r a l  p h o t o p e r i o d i c  c o n d i t i o n s  
( L in c o l n  a n d  F o r b e s ,  1 9 8 4 ) .
M e l a t o n i n  a p p e a r s  to  b e  t h e  m a j o r  e f f e c t o r  m o l e c u l e  f o r  p i n e a l - m e d i a t e d  e f f e c t s  in 
o v i n e s ,  h o w e v e r  b e f o r e  i t  b e c a m e  c l e a r  t h a t  e i t h e r  t h e  p i n e a l ,  o r  m e l a t o n i n ,  w e r e  
o f  i m p o r t a n c e ,  a  n u m b e r  o f  g r o u p s  b e g a n  t o  d e f i n e  t h e  c h a r a c t e r i s t i c s  o f  m e l a t o n i n  
s e c r e t i o n  in t h i s  s p e c i e s .
W o rk  in t h e  r a t  o r i g i n a l l y  u n d e r l i n e d  t h e  i m p o r t a n c e  o f  l i g h t  a n d  d a r k n e s s  in  t h e  
c o n t r o l  o f  m e l a t o n i n  s y n t h e s i s  a n d  e x c r e t i o n  by  t h e  p i n e a l  a n d  s u g g e s t e d  t h a t  i t  
m i g h t  a c t  a s  a n  i n f o r m a t i o n  m o l e c u l e  w i t h  r e g a r d  to  t h e  l i g h t - d a r k  p h a s e  ( A x e l r o d ,  
1 9 7 4 ) .  T h e  d e v e l o p m e n t  o f  r a d i o i m m u n o a s s a y  (R1A) t e c h n o l o g y  f o r  m e a s u r e m e n t  
o f  m e l a t o n i n  in b o d y  f l u id s  ( f o r  a  r e v i e w  s e e  A r e n d t ,  1 9 7 8 )  p r o v i d e d  t h e  t o o l s  f o r  
t h e  s u b s e q u e n t  c l o s e  d e f i n i t i o n  o f  c i r c u l a t i n g  l e v e l s .
R o l l a g  a n d  N i s w e n d e r  e t  a l  ( 1 9 7 6 )  a n d  K e n n a w a y  e t  a l  ( 1 9 7 7 )  p r o v i d e d  t h e  f i r s t  
e v i d e n c e  t h a t  m e l a t o n i n  h a s  a  c i r c a d i a n  r h y t h m  in e w e s ,  h ig h  v a l u e s  b e in g  f o u n d  
d u r i n g  t h e  d a r k - p h a s e  a s  in  a l l  o t h e r  s p e c i e s .  T h e  n i g h t - t i m e  r i s e  is s u p p r e s s e d  by  
c o n t i n u o u s  l i g h t ,  b u t  t h e  r h y t h m  c o n t i n u e s  in  c o n s t a n t  d a r k n e s s  ( R o l l a g  a n d  
N i s w e n d e r ,  1 9 7 6 )  a n d  e v i d e n c e  f r o m  t h i s  a n d  o t h e r  s t u d i e s  s h o w s  t h a t  i t  is 
e n d o g e n o u s  ( L in c o l n  a n d  A l m e i d a ,  1 9 8 1 )  a n d  e n t r a i n e d  by  t h e  l i g h t - d a r k  c y c l e .  
T h e r e  is , so f a r  o n e  e x c e p t i o n  to  t h i s  r u l e :  in  p h o t o r e f r a c t o r y  r a m s ,  t h e  m e l a t o n i n  
r h y t h m  c a n  b e c o m e  d i s o r g a n i s e d  a n d  a p p e a r s  t o  e s c a p e  f r o m  l i g h t - d a r k  c o n t r o l  
( A l m e d i a  a n d  L in c o l n ,  1 9 8 4 ) .  T h e  m e c h a n i s m  o f  e s c a p e  is u n k n o w n  b u t  o f  v e r y  
c o n s i d e r a b l e  i n t e r e s t .
D e t a i l s  o f  t h e  c e n t r a l  n e u r a l  p a t h w a y s  c o n t r o l l i n g  m e l a t o n i n  
s y n t h e s i s  a r e  n o t  k n o w n  in t h e  s h e e p ,  h o w e v e r  i t  i s  p r o b a b l e  t h a t  t h e  r e t i n a  - 
r e t i n o - h y p o t h a l a m i c  p r o j e c t i o n  -  s u p r a c h i a s m a t i c  n u c l e u s  r o u t e ,  s u b s t a n t i a l l y  
d e l i n e a t e d  in t h e  r a t  ( M o o r e  a n d  K l e i n ,  1 9 7 4 )  is a l s o  p r e s e n t  in t h e  s h e e p .  T h e  
s u p r a c h i a s m a t i c  n u c l e u s  ( S C N )  m a y  b e  t h e  m a j o r  c e n t r a l  r h y t h m  g e n e r a t o r ,  h o w e v e r
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i t  is d a n g e r o u s  to  e x t r a p o l a t e  a c r o s s  s p e c i e s ,  e s p e c i a l l y  a s  in t h e  m o n k e y  fo r  
e x a m p l e ,  t h e  S C N  d o e s  n o t  h a v e  a s  i m p o r t a n t  a  r o l e  a s  in t h e  r a t  ( R e p p e r t  e t  a l ,  
1 9 8 1 ) .  C l e a r l y ,  f r o m  t h e  w o r k  o f  L in c o l n  e t  a l  ( 1 9 8 1 )  t h e  s y m p a t h e t i c  i n n e r v a t i o n  
o f  t h e  g l a n d  is  e s s e n t i a l  f o r  r h y t h m i c  m e l a t o n i n  s e c r e t i o n .  F o l l o w i n g  s y m p a t h e t i c  
d e n e r v a t i o n  ( L i n c o l n  e t  a l ,  1 9 8 1 )  o r  p i n e a l e c t o m y  ( A r e n d t  e t  a l .  1 9 8 0 :  B i t t m a n  e t  
a l .  1 9 8 3 b ) ,  t h e  m e l a t o n i n  r h y t h m  is  l o s t  a n d  i n d e e d  f o l l o w in g  p i n e a l e c t o m y ,  s e r u m  
v a l u e s  f a l l  to  u n d e t e c t a b l e  l e v e l s  b y  s o m e ,  b u t  n o t  a l l  a s s a y s  ( A r e n d t  e t  a l .  1 9 8 0 ) .  
T h e  r o u t e  o f  s e c r e t i o n  o f  m e l a t o n i n  in t h e  e w e  a p p e a r s  t o  b e  p r i m a r i l y  i n t o  t h e  
c i r c u l a t i o n  ( R o l l a g  e t  a l .  1 9 7 8 a )  e v e n  t h o u g h  t h e  c l o s e  j u x t a p o s i t i o n  o f  t h e  t h i r d  
v e n t r i c l e  to  t h e  p i n e a l  m a k e s  s e c r e t i o n  i n t o  t h e  C S F  a  p o s s i b i l i t y .
T h e  24  h o u r  s e c r e t i o n  p a t t e r n  o f  m e l a t o n i n  in o v i n e s  i s  p r o b a b l y  m o r e  c o m p l i c a t e d  
t h a n  a  s q u a r e  w a v e ,  o r  a  s i m p l e  s i n e  w a v e .  S e v e r a l  a u t h o r s  r e p o r t  m u l t i p l e  
s e c r e t o r y  e p i s o d e s  ( A r e n d t  e t  a l .  1 9 8 1 :  K e n n a w a y  e t  a l .  1 9 8 3 ;  R o l l a g  e t  a l .  1 9 7 8 a ) .  
O u r  w o r k  h a s  c o n s i s t e n t l y  s h o w n  t h e  p r e s e n c e  o f  t w o ,  a n d  o c c a s i o n a l l y  m o r e ,  
s e c r e t o r y  e p i s o d e s  d u r i n g  t h e  d a r k - p h a s e  w i t h  s u f f i c i e n t  l e n g t h  o f  n i g h t .  In 
a d d i t i o n  w e  h a v e  f o u n d  s m a l l  p e a k s  in t h e  m i d - l i g h t  p h a s e  in  b o t h  M a r c h  a n d  
O c t o b e r  ( A r e n d t ,  1 9 7 9 ) .  A n a l y s i s  o f  t h e  p a t t e r n  o f  m e l a t o n i n  s e c r e t i o n  in  d i f f e r e n t  
n a t u r a l  p h o t o p e r i o d  l e n g t h s  s h o w e d  t h a t ,  by  A N O V A ,  s i g n i f i c a n t  e f f e c t s  o f  t i m e  o f  
d a y ,  t i m e  o f  y e a r  a n d  n u m b e r  o f  h o u r s  a f t e r  s u n s e t  a n d  s u n r i s e  w e r e  fo u n d  (p < .0 1  - 
p < .0 0 1 ,  A r e n d t  a n d  S y m o n s ,  1 9 8 1 ) ,  s u g g e s t i n g  t h a t  b o t h  d a w n  a n d  d u s k  a r e  o f  
i m p o r t a n c e  in t h e  e n t r a i n m e n t  o f  s e c r e t o r y  r h y t h m s .  In a r t i f i c i a l  p h o t o p e r i o d  
( 1 2 L 1 2 D )  b i m o d a l  s e c r e t o r y  p a t t e r n s  w e r e  a l s o  f o u n d  in c a s t r a t e d  r a m s  ( A r e n d t  a n d  
F o r b e s ,  u n p u b l i s h e d ) .  In t h e  r a t ,  I l l n e r o v a  e t  a l  ( 1 9 8 2 )  h a v e  p r o v i d e d  c o n v i n c i n g  
e v i d e n c e  f o r  a  t w o - o s c i l l a t o r  ( d a w n  a n d  d u s k )  c o n t r o l  o f  m e l a t o n i n  s e c r e t i o n  a n d  i t  
is p o s s i b l e  t h a t  a  s i m i l a r  m o d e l  is  a p p l i c a b l e  in s h e e p .  T h e  e x p e r i m e n t s  r e q u i r e d  to  
i n v e s t i g a t e  t h e  m o d e l  a r e  l e n g t h y  a n d  c u m b e r s o m e  in o v i n e s  - e a r l y  w o r k  by  
B r i n k lo w  e t  a l  ( 1 9 8 4 )  d o e s  h o w e v e r  s h o w  t h a t  s k e l e t o n  p h o t o p e r i o d ,  w i t h  a  o n e - h o u r  
l i g h t  f l a s h  17  h o u r s  a f t e r  d a w n  ( 7 L ,1 0 D ,  1 L ,  6D ) is  s u f f i c i e n t  t o  s u p p r e s s  m e l a t o n i n  
s e c r e t i o n  d u r i n g  t h e  r e m a i n i n g  d a r k  p h a s e ,  c o m p a r a b l e  to  t h e  o n e - m i n u t e  f l a s h  
u s e d  in  t h e  r a t  by  I l l n e r o v a  e t  a l  (1 9 8 2 ) ,  t h u s  o p e n i n g  t h e  w a y  f o r  a  d e t a i l e d  
i n v e s t i g a t i o n  o f  t h e  n a t u r e  o f  t h e  p h o t o p e r i o d i c  a n d  o s c i l l a t o r y  c o n t r o l  o f  
m e l a t o n i n  s e c r e t i o n  in  s h e e p .  L in c o l n  a n d  A l m e i d a  (1 9 8 1 )  h a v e  s h o w n ,  m o r e o e v e r ,  
t h a t  r e s o n a n c e  l i g h t  c y c l e s  o f  8 L , 4 0 D  a r e  s u f f i c i e n t  to  e n t r a i n
m e l a t o n i n  s e c r e t i o n  in  r a m s .
A l t h o u g h  t h e r e  is no  r e a l  c o n s e n s u s  in  t h e  d e t a i l e d  d e s c r i p t i o n  o f  m e l a t o n i n  
s e c r e t o r y  p a t t e r n s ,  a l l  a u t h o r s  h a v e  f o u n d  t h a t  t h e  d u r a t i o n  o f  h ig h  m e l a t o n i n  
s e c r e t i o n  in  s h e e p  r e f l e c t s  t h e  l e n g t h  o f  t h e  d a r k - p h a s e ,  b e  i t  a r t i f i c i a l  o r  n a t u r a l  
( R o l l a g  e t  a l .  1 9 7 8 b ;  A r e n d t  e t  a l .  1 9 8 1 ;  K e n n a w a y  e t  a l .  1 9 8 3 ;  B i t t m a n  e t  a l .  
1 9 8 3 b ;  B i t t m a n  a n d  K a r s c h ,  1 9 8 4 ) .  T h is  o b s e r v a t i o n  is  n o t  n e c e s s a r i l y  t r u e  o f  a l l  
p h o t o p e r i o d i c  s p e c i e s .  N e v e r t h e l e s s  i t  h a s  s t i m u l a t e d  a  n u m b e r  o f  i m p o r t a n t  
e x p e r i m e n t s  i .e .  t h e  g e n e r a t i o n  o f  a r t i f i c i a l  m e l a t o n i n  r h y t h m s  in  s e r u m  
c o r r e s p o n d i n g  t o  l o n g  o r  s h o r t  d a r k  a n d  s u b s e q u e n t  o b s e r v a t i o n s  o f  r e p r o d u c t i v e  
s t a t e .
In t h e  i n t a c t  e w e ,  in  s u m m e r  l i g h t ,  l a t e  a f t e r n o o n  f e e d i n g  o f  m e l a t o n i n  to  g e n e r a t e  
a  W i n t e r  p l a s m a  p r o f i l e  r e s u l t s  in e a r l y  o n s e t  o f  o e s t r u s  c y c l e s  a n d  a  d r a m a t i c  d r o p  
( K e n n a w a y  e t  a l .  1 9 8 2 )  a n d  c h a n g e  in  t h e  p a t t e r n  o f  s e c r e t i o n  o f  p r o l a c t i n  ( A r e n d t  
e t  a l .  1 9 8 3 ;  S y m o n s  e t  a l .  1 9 8 3 ) .  In a d d i t i o n  t o  t h e  o b v i o u s  b e n e f i t  o f  m a n i p u l a t i n g  
t h e  t i m e  o f  l a m b i n g ,  t h i s  m a n o e v r e  r e s u l t s  a p p a r e n t l y  in a n  i n c r e a s e d  o v u l a t i o n  
r a t e  ( K e n n a w a y  e t  a l .  1 9 8 4 ) ,  f o r  r e a s o n s  u n k n o w n .
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In p i n e a  l e c  to  m i s e d  e w e s ,  c r e a t i o n  o f  a r t i f i c a l  l o n g  o r  s h o r t  d a r k  m e l a t o n i n  p l a s m a  
p r o f i l e s  r e s u l t s  in t h e  a p p r o p r i a t e  r e p r o d u c t i v e  r e s p o n s e ,  a s s u m i n g  t h e  a n i m a l s  
r e a d s  t h e  p r o f i l e s  a s  l o n g  o r  s h o r t  n i g h t  r e s p e c t i v e l y  ( B i t m a n  a n d  K a r s c h ,  1 9 8 4 )  a n d  
r e g a r d l e s s  o f  t h e  p r e v a i l i n g  p h o t o p e r i o d .  T h a t  t h e  d u r a t i o n  o f  m e l a t o n i n  s e c r e t i o n  
c a n  b e  a  s i g n a l  f o r  p h o t o p e r i o d  l e n g t h  is c l e a r ,  h o w e v e r ,  t h i s  c a n n o t  b e  t h e  e n t i r e  
e x p l a n a t i o n :  p h o t o p e r i o d  l e n g t h  i s  t h e  s a m e  t w i c e  a  y e a r  a n d  in t h e  o n e  c a s e  is  
f o l l o w e d  o r  a c c o m p a n i e d  b y  r e p r o d u c t i v e  q u i e s c e n c e  a n d  in t h e  o t h e r  b y  
r e s u r g e n c e .  M o r e o e v e r  i m p l a n t s  o f  m e l a t o n i n ,  g iv in g  c o n t i n u o u s  h ig h  p l a s m a  l e v e l s  
( K e n n a w a y  e t  a l .  1 9 8 2 )  c a n  a d v a n c e  t h e  w h o l e  s e a s o n a l  c y c l e  o f  r e p r o d u c t i v e  
c o m p e t e n c e ,  p r o v i d in g  t h e  a n i m a l s  h a v e  b e e n  p r e v i o u s l y  e x p o s e d  t o  lo n g  d a y s  
( L in c o l n  e t  a l .  1 9 8 4 ) .  T h e  s t o r y  is b y  no  m e a n s  c o m p l e t e  a n d  t h e  n e x t  f e w  y e a r s  
s h o u l d  b e  s e e  m a j o r  a d v a n c e s  in  o u r  u n d e r s t a n d i n g  o f  t h e  m e c h a n i s m s  o f  a c t i o n  o f  
m e l a t o n i n .
R e t u r n i n g  to  t h e  g u e s t i o n  o f  t h e  c o n t r o l  o f  m e l a t o n i n  s e c r e t i o n ,  w h i l s t  t h e  l i g h t -  
d a r k  p h a s e  is  o f  o v e r r i d i n g  i m p o r t a n c e ,  g o n a d a l  s t e r o i d s  m a y  e x e r t  a  t o n i c  
i n h i b i t o r y  i n f l u e n c e .  O v a r i e c  to  m i s e d  e w e s ,  16  a n d  58 d a y s  a f t e r  s u r g e r y  h a v e  
s i g n i f i c a n t l y  h i g h e r  p l a s m a  m e l a t o n i n  t h a n  i n t a c t  c o n t r o l s  ( A r e n d t  e t  a l .  1 9 8 3 )  
a l t h o u g h  t h e  2 4 - h o u r  r h y t h m  is s i m i l a r  in  b o t h  g r o u p s .  In t i m e ,  h o w e v e r ,  t h e s e  
d i f f e r e n c e s  l o s e  t h e i r  s i g n i f i c a n c e  h e n c e  c o m p e n s a t o r y  m e c h a n i s m s  m u s t  b e  
a c t i v a t e d  ( A r e n d t  a n d  S y m o n s ,  u n p u b l i s h e d  r e s u l t s ) .
F e e d b a c k  e f f e c t s  o f  m e l a t o n i n  on  i t s  o w n  s e c r e t i o n  a r e  u n l ik e l y  t o  b e  o f  m a j o r  
i m p o r t a n c e  in o v i n e s :  in  t h e  p r e s e n c e  o f  m e l a t o n i n  i m p l a n t s ,  a  n o r m a l  n i g h t - t i m e  
r i s e  is s e e n ,  s u p e r i m p o s e d  on  c o n t i n u o u s l y  h ig h  p l a s m a  l e v e l s  ( K e n n a w a y  e t  a l .  
1 9 8 2 ) .  L i k e w i s e  f e e d i n g  o f  m e l a t o n i n  in t h e  l a t e  a f t e r n o o n  d o e s  n o t  o b v io u s ly  
m o d i f y  t h e  e n d o g e n o u s  s e c r e t i o n ,  a n d  in a  s m a l l  n u m b e r  o f  a n i m a l s  (3) t h e  p r e s e n c e  
o f  c i r c u l a t i n g  m e l a t o n i n  a n t i b o d i e s  ( a s s u m i n g  t h a t  m o s t  b i o l o g i c a l l y  a c t i v e  
m e l a t o n i n  w a s  b o u n d )  d o e s  n o t  a p p e a r  t o  a f f e c t  t h e  2 4 - h o u r  r h y t h m  o f  s e c r e t i o n  
( A r e n d t  a n d  S y m o n s ,  u n p u b l i s h e d )  a l t h o u g h  in t h e  l a t t e r  c a s e  c l e a r l y  c o n c l u s i o n s  
c a n n o t  b e  d r a w n  f r o m  s u c h  a  s m a l l  g r o u p  o f  a n i m a l s .
T h e  p h a r m a c o l o g y  o f  t h e  s h e e p  p i n e a l  is  l i t t l e  u n d e r s t o o d .  O n e  p r e l i m i n a r y  r e p o r t  
d e s c r i b e d  t h e  s u p p r e s s i o n  o f  t h e  n i g h t - t i m e  m e l a t o n i n  r i s e  by  p r a z o s i n ,  a n  a -  
a d r e n e r g i c  a n t a g o n i s t  ( K l e in  e t  a l .  1 9 8 3 ) .  In o u r  h a n d s ,  in p r e l i m i n a r y  
e x p e r i m e n t s ,  n e i t h e r  p r a z o s i n  ( l - 4 m g  i .v . ,  o r  1 0 - 2 0 m g  p e r  os)  o r  a t e n o l o l ,  a  s p e c i f i c  
( ^ - p e r i p h e r a l  a d r e n e r g i c  a n t a g o n i s t  ( 1 0 0 m g  p e r  os) h a d  c o n s i s t e n t  e f f e c t s  on t h e  
n i g h t - t i m e  r i s e  o r  24  h o u r  p a t t e r n  o f  p l a s m a  m e l a t o n i n  w h e n  g i v e n  a c u t e l y ,  30 
m i n u t e s  b e f o r e  d u s k ,  to o e s t r u s  e w e s  ( E n g l i s h ,  A r e n d t  a n d  S y m o n s ,  u n p u b l i s h e d ) .  I t  
w o u l d  b e  o f  i n t e r e s t  t o  s h o r t e n  t h e  d u r a t i o n  o f  m e l a t o n i n  s e c r e t i o n  in l o n g  d a r k  in 
i n t a c t  e w e s ,  in o r d e r  t o  a t t e m p t  t h e  i n d u c t i o n  o f  l o n g - d a y  e f f e c t s ,  h e n c e  f o r  t h i s  
r e a s o n  a n d  a l s o  in t h e  i n t e r e s t  o f  d e f i n i n g  t h e  n e u r a l  i n p u t  t o  t h e  s h e e p  p i n e a l ,  t h i s  
a r e a  is w o r t h  p u r s u i n g .  P r e c u r s o r  a v a i l a b i l i t y  is p r o b a b l y  a n  i m p o r t a n t  
c o n s i d e r a t i o n  in  s h e e p ,  in t h a t  t h e  a d m i n i s t r a t i o n  o f  5 - h y d r o x y t r y p t o p h a n  d u r i n g  
t h e  d a y  is a b l e  t o  i n c r e a s e  p l a s m a  m e l a t o n i n  ( N a m b o o d i r i  e t  a l .  1 9 8 3 ) .
T h e r e  a r e  m u l t i p l e  p o s s i b i l i t i e s  f o r  m o d u l a t i o n  o f  p i n e a l  s e c r e t i o n .  E n d o c r i n e  a n d  
o t h e r  f a c t o r s  m a y  m o d i f y  t h e  c e n t r a l  o s c i l l a t o r  (s) g o v e r n i n g  p i n e a l  s e c r e t i o n ,  t h e i r  
e f f e r e n t  n e u r a l  p a t h w a y s ,  a n d  m a y  h a v e  d i r e c t  e f f e c t s  o n  n e u r a l  s t i m u l a t i o n ,  
m e s s a g e  t r a n s l a t i o n  a n d  s y n t h e t i c  m a c h i n e r y  o f  t h e  p i n e a l .  T h e  s h e e p  is a n  i d e a l  
s p e c i e s  in w h i c h  t o  s t u d y  t h e  e n d - p o i n t :  p e r i p h e r a l  s e c r e t i o n .
A C K N O W L E D G E M E N T S
T h is  r e v i e w  w a s  w r i t t e n  d u r i n g  t e n u r e  o f  g r a n t s  f r o m  t h e  A . R . C .  a n d  t h e  M . R .C .
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The habitat of most organisms is subject to pronounced sea­
sonal fluctuations. Literally all physical environmental fac­
tors important to an organism, such as temperature, daylength 
and rainfall, vary with the season. Animals have therefore to 
adapt themselves to these more or less large variations of the 
environment, depending upon the latitude, but also the alti­
tude. To ensure the survival of the species they have in par­
ticular to synchronize their reproductive activity with the 
period of the year when the conditions of life are optimal for 
the offspring.
The reproductive cycle is essentially a matter of temporal 
organization in relation to environmental resources. Changes in 
the biometereological conditions signal the endocrine system 
which responds by an adaptive alteration of its physiological 
status in anticipation of the upcoming season.
Since ancient times it is known that there are several sea­
sonal and/or environmental variables on which animals can rely 
to cue changes in their sexual status. Daylength, temperature, 
rainfall, food availability, etc. can be considered but, de­
pending on the biotope, some are more accurate predictors of 
the forthcoming season than others. In temperate and arctic 
zones, for example, in which drastic climatic conditions impose 
a precise sexual cycle, one of the most regularly changing 
phenomena is the daily change in daylength (photoperiod) , and 
the role of this factor as primary productive information in 
the control of the annual cycle has been well established (for 
a review see Perry and Rowlands, 1972). Other environmental fac­
tors, however, should also be considered. In amphibians and 
reptiles, thermoperiodism is generally dominant to photoperiod- 
ism (for a review see Lofts, 1974). In the tropical and equato­
rial zones of the world, where the fauna is immensely rich in 
species, more irregularly recurring external stimuli such as 
e.g. rainfall are equally precise and used for timing seasonal 
functions. Moreover, in the field there is always a co-varia­
tion of all these potential proximate factors. For example, 
in temperate zones in autumn the decrease in photoperiod is al­
ways associated with a decrease in mean temperature and food 
availability, and it is evident that interactions exist between 
the effects of all these factors.
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The precise mechanism by which the central nervous system 
is able to perceive, differentiate, and ultimately integrate 
this complex of various stimuli has not yet completely been 
identified. However, an indole derivative —  melatonin —  and a 
gland — the pineal — are known to be greatly implicated in such 
mechanism (for a review see Klein, 1982).
The present review is an attempt to evaluate the role of 
the pineal and also that of other organs which, like the pineal 
gland, synthesize indo1e-derivatives in the integration of en­
vironmental information.
I. RELATIONSHIPS BETWEEN PINEAL AND ENVIRONMENTAL CONDITIONS
In comparison with all other endocrine glands, the pineal 
is characterized by the fact that, according to the species, 
an extraordinar1y large variation in size is observed. These 
interspecies differences in pineal volume, which are far 
greater than variations stemming from daily or seasonal cycles, 
have a primarily genetic basis (Pévet, 1983a) , which means 
that the difference in size is of physiological significance.
The first experimental proofs that the photoperiod-induced 
gonadal changes in mammals are pineal-dependent were produced 
by Czyba et at, (1964) and by Hoffman and Reiter (1965). These 
authors observed that pinealectomy prevents in the golden ham­
ster the gonadal regression normally brought about by blinding 
or by experimental or natural short photoperiod. Since that 
time these results have been confirmed or extended in numerous 
other species, and the pineal is now recognized as an active 
endocrine gland which serves as a critical link between photo- 
periodic information and the neuroendocrine system. (For a re­
view, see Goldman, 1983).
This concept is supported by the morphologic analysis of 
Ralph (1975) who, relating pineal size to geography, suggested 
that animals which inhabit tropical regions where the annual 
photoperiodic changes are small,, are more apt to have a small 
pineal body, or none at all, while large pineal glands are 
found more often in animals living at high latitudes where the 
annual changes in daylight are considerable. Such interpreta­
tion, however, does not explain why numerous mammals and non-mam­
malian vertebrates living in equatorial/tropical zones (e.g. 
camel (Ralph, 1975), fruit bat (Pévet, 1983a), golden mole 
(Pévet and Kuypers, 1978), Malaysian rat (Pévet and Yadav, 
1980), tenrec (Pévet, 1983a), green sea turtle and other equa­
tor i a 1 / t rop i c a 1 turtles (Owens et at.3 1978; Vivien-Roels and
Pévet, 1983)) possess a large and active pineal organ. These 
observations might be explained by considering not the changes 
in environmental lighting conditions, but the changes in envi­
ronmental conditions in general. In equatoria1/tropica1 zones, 
which are essentially characterized by the fact that the month­
ly mean temperature does not show much seasonal fluctuation 
(DeLany and Happolid, 1979) , the pressure of the environment is 
not very strong if compared to that of temperate and, especial­
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ly, arctic zones. This is particularly true in the equatorial 
wet regions where not only mean temperature but also rainfall 
and consequently the availability of food, remain high and con­
stant throughout the year. Most species characterized by an ab­
sence of the pineal (anteater, sloth, armadillo, pangolin, croc­
odile, electric ray; ref. in Pévet, 1983a, and Vivien-Roels 
and Pévet, 1983) or by a very small one (rhinoceros, elephant, 
dugong , red kangaroo; ref. in Pévet, 1983a) live in tropical/ 
equatorial zones. However, except for the equatorial wet for­
ests, most of the tropical zones are characterized by a seasonal 
rhythm in annual rainfall, and many animal species present an 
annual sexual cycle more or less well synchronized with the 
rainfall (DeLany and Happolid, 1979), and in desert zones the 
conditions of life are difficult for animal species.This would 
explain the presence of a large and active pineal in these 
animals. In higher latitude temperate and arctic zones, varia­
tions in climatologic conditions, especially the annual varia­
tions in temperature and food availability, are large. The 
animals have to adapt themselves to these variations of the en­
vironment, the magnitude of which depends on the altitude as 
well as the latitude. Animals living in these regions, such as 
the sea lion, seal, walrus, Weddell and elephant seals, and some 
cervidae (ref. in Ralph, 1975; and Pévet, 1983a) all have a 
very large pineal.
In such an approach, the increase in pineal size at high 
latitudes clearly demonstrated in rodents (Legait et aZ. , 1976; 
Quay, 1980) should be related to the increase in critical value 
of neuroendocrine transduction for timing and exact phase tun­
ing of biological rhythms. So it would be the correlations be­
tween pineal size, not with latitude but with 1 atitude-re 1 ated 
biotopes (e.g. equatorial forest, savanna, desert zones, arctic 
and holarctic zones combined with zonation in altitude), in 
which the influence of environmental conditions and probably the 
nature of the dominant environmental cue differ, which should 
be considered.
In short, the more the environmental conditions of life are 
difficult to the animal, the more will synchronization of the 
reproductive activity with the environment be indispensable: the 
more so would the pineal be important.
This raises the question of how the pineal integrates all 
of this information, and that of the nature of the hormonal 
compounds which act on the gonadal axis. Two groups of compounds 
have been identified and proposed to be responsible for the en­
docrine capabilities of the pineal gland: indoleamines —  espe­
cially 5-methoxyindo1es — and peptidic/proteic compounds.
II. PROTEIC OR PEPTIDIC PINEAL SUBSTANCES: THEIR ROLE
Since 1920 it has been constantly demonstrated that proteic 
or peptidic fractions extracted from different pineal tissues 
can induce, under defined experimental conditions, an inhibi­
tion or stimulation of the gonadal activity (for details and
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references see Benson and Ebels, 1978, 1981; Ebels, 1979; Ebels
and Benson, 1978; Pévet, 1981c, 1983b; Reiter and Vaughan,
1977). Considering the process of synchronization of sexual 
activity with the seasons, although to date there is no experi­
mental proof that pineal proteic/peptidic hormones are directly 
involved, the study of the pineal active proteic/peptidergic 
fractions appears to be of fundamental interest. Such a study, 
however, is a very complicated one because the vertebrate pineal 
is known to contain an extraordinarily large number of proteic 
or peptidic compounds, some of them being identified or partial­
ly characterized, others not (for a detailed list, see Pévet, 
1983b). Moreover, as was already explained in detail (Pévet, 
1983b), all peptides and proteins extracted and isolated from 
pineal tissue, cannot be all considered as true pineal com­
pounds. They may indeed be synthesized elsewhere but found in 
the pineal because present in nerve axons coming from other 
brain structures (class I ) , or because of a secondary uptake 
from the general circulation (class II). Only those proteic/pep­
tidergic compounds synthesized in the pineal by specific pineal 
cells (class III) can be considered as true pineal hormones.
Consideration of such a classification of proteic/peptider­
gic pineal substances into three different classes is very im­
portant because, for example, the role of non-pineal substances 
(classes I and II) could be very important in the physiological 
process presently studied.
A. Peptides and proteins of the first class
Peptidergic nerve fibres originating from other brain struc­
tures are known to be present in the pineal (Ariens Kappers, 
1983b; Korf and Malier, this volume). It is this complex nervous 
connection between the central nervous system and the pineal 
gland which explains the presence of peptides of class I. Vaso­
pressin, oxytocin, vasoactive intestinal peptide (VIP), etc.
(for a more complete list and details, see Pévet, 1983b) , in­
deed, are neurotransmitters or neuromediators present in such 
fibres. It is very probable that some of the endocrine effects 
attributed to pineal "peptides" as described in the literature 
are in fact due to the presence of such class I - peptides in the 
fraction isolated by the chemist. Oxytocin, for example, which 
is present in the pineal, will react in the milk-injection 
test.
Peptides of class I are neurotransmitters or neuromodulators. 
Their physiological role should thus concern the pineal itself. 
They probably influence pineal synthetic activity and thus 
transmit information coming from the brain to the pineal. Data 
on this aspect of the pineal peptide problem are as yet very 
scarce, But Kaneko et al. (1980) and in particular Yuwiler
(1983a,b) have clearly demonstrated in organ culture that VIP, 
one of the relevant peptides of class I, influences the indole 
derivative biosynthetic pathway. VIP indeed stimulates basal 
serotonin N-acetyltransferase activity, its effect being appar­
ently mediated by a receptor.
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B. Peptides and proteins of the second class
As suggested by Ariens Kappers (1978) and Cardinali (1981), 
the function of the pineal gland, like that of other endocrine 
organs, may depend on feedback systems. This peculiar aspect 
of pineal physiology is important to consider here. A feedback 
system operating between the hypothalamus or the hypophysis and 
the pineal would imply that the pineal accumulates circulating 
hypothalamic or hypophysial hormones. This aspect of the pineal 
peptide/protein problems has not yet been thoroughly investi­
gated. Clear results, however, have been obtained with some 
hypothalamic hormones. After intravenous injection of labelled 
MIF (a-MSH release inhibiting factor) Redding et al. (1973) have
observed that the radioactive hormone was especially concen­
trated in the pituitary and pineal gland. A similar observation 
was made after injection of labelled luteinizing hormone - re 1eas - 
ing hormone (LHRH) by Redding and Schally (1973), Admundson and 
Wheatons (1979) and Trentini et al. (1980) . The 1 ast-mentioned
group noted also that the pineal gland accumulates 3H-LHRH in 
an amount significantly higher than the pituitary gland. These 
experiments which demonstrated that the pineal is able to con­
centrate in a notable amount circulating MIF and LHRH, can easi­
ly explain the presence in the pineal of these hypothalamic hor­
mones as described in the literature. Such phenomenon of accumu­
lation may also explain the presence of other hormones such as 
a-MSH, T R H , ACTH, luteinizing hormone, prolactin, etc. (see de­
tails and references in Pévet, 1983b) .
Again, it is quite conceivable that some endocrine effects 
attributed to pineal "peptides” as described in the literature, 
are in fact caused by the presence of such peptides or proteins 
of class II in the fractions isolated in the laboratory. The 
physiological significance of such phenomenon of accumulating 
circulating hormones is not yet completely known, but it con­
cerns the pineal itself. These circulating hormones accumulated 
in the pineal (peptides/proteins of class II) probably influence 
pineal activities and so transmit information on the state of 
activity of the endocrine system to the pineal. Data on this 
aspect of the pineal peptide problem are still very scarce, 
but the few results obtained sofar seem to suggest that these 
hormones act on the biosynthetic pathway of the indole-deriva­
tives. Cardinali et al. (1976) and Cardinali (1981), for ex­
ample, have observed an increase in melatonin synthesis after 
prolactin administration and noted the presence of a putative 
prolactin receptor in the pineal (a prerequisite for a direct 
effect of prolactin on the gland).
C. Peptides and proteins of the third class
Only those proteic/peptidic compounds which are synthesized 
in the gland itself by specific pineal cells can be considered 
as true pineal factors. To date none of these substances have 
been structurally identified, and by consequence studying them 
is difficult because such studies are always indirect ones (see 
details in Pévet, 1981c, 1982, 1983b).
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Processes involved in the synthesis and release of proteic/ 
peptidic substances have been identified at the ultrastructural 
level. One is characterized by the formation of granular ves­
icles (GV) by the Golgi apparatus, and the other by the forma­
tion of vacuoles containing flocculent material of moderate 
electron density by the cisterns of the rough endoplasmic retic­
ulum (Pévet , 1979, 1981a, 1982, 1983a,b; Collin, 1979; Collin
and Oksche, 1981). Cytochemical studies have permitted to clear­
ly demonstrate the proteinaceous nature of the material thus 
formed (Collin and Meiniel, 1972; Juillard, 1975; Pévet, 1977). 
Moreover, autoradiographical, histochemica1, ultracytochemica1 
and pharmacological investigations have shown in some species 
(parakeet, lizard, mouse, hamster) that serotonin coexists with 
a proteinaceous compound, at least in the GV (see details in 
Collin, 1979; Collin and Oksche, 1981).
The existence of proteins or peptides of class III cannot 
be discarded, but their exact role remains to be determined. 
These substances may indeed be (1) carrier proteins for seroto­
nin or other indole derivatives, or (2) specific pineal hormones.
Although it cannot be completely excluded, the first pos­
sibility is not seriously considered to date. In numerous cells 
which produce a polypeptidergic hormone such as calcitonin by 
the parathyroid cells, there is a concomitant presence of the 
hormone and of serotonin in the granular vesicles, while a 
functional interrelationship has been shown to exist between the 
two. It is generally thought that also in the pinealocytes (or 
homologous cells in lower vertebrate pineals) serotonin is 
linked with a proteinaceous hormone, both compounds being re­
leased together into the circulation, or that serotonin may be 
implicated in some stage of the process of synthesis, storage, 
or release of the proteinaceous hormone. This recalls the situa­
tion in APUD cells or paraneurons, and pinealocytes are con­
sidered to belong to these families (Matthews and Leong, 1981; 
Ralph, 1983; Ueck and Wake, 1979).
The concept that the proteic/peptidic substances formed are 
hormones, is also strongly supported by the numerous cytophysio- 
logical experiments performed in VÍVO and in vitro in laboratory 
animals as well as in wild species. These studies have indeed 
allowed to demonstrate that the activity of the secretory pro­
cess is regulated by circulating sex hormones, thus demonstrat­
ing the existence of a feedback system between the pineal and 
the gonadal axis (Pévet, 1979, 1981a,c, 1982, 1983a,b; Karasek
and Reiter, 1982; Karasek, 1979, 1983; Haldar-Misra and Pévet,
1983c,d,e). Moreover, it has been demonstrated that these pro­
cesses of protein secretion are also regulated by the Sympathie 
innervation and by the various indo1e-derivatives, melatonin in­
cluded (Benson and Krasovich, 1977; Haldar-Misra and Pévet, 
1983a,b) . These 1 ast-mentioned results support the old concept 
of Quay (1974) that the pineal itself is a target organ for 
mela t onin.
These ultrastructural analyses, however, give only indirect 
evidence of the effects by melatonin or other 5-methoxyindo1es 
on the pineal secretion of proteic/peptidic hormones. At pres­
ent we have no experimental proof of such phenomenon, which is 
even contested by many pinealogists. Some experiments, however, 
oblige —  in our opinion —  to at least consider this possibility.
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When injected late in the afternoon into male adult hamsters 
kept under long photoperiod, melatonin is able to induce gonadal 
atrophy only if the pineal is present or its innervation intact 
(Reiter et al. , 1976). This pineal-dependent effect of melatonin 
has been interpreted in different ways. It was assumed, for ex­
ample, that (1) exogenous melatonin would be additive to, or 
would interfere with the action of endogenous melatonin, or (2) 
exogenous melatonin would stimulate or inhibit the synthesis and/ 
or release of a true pineal "antigonadal" hormone.
Since it was demonstrated that melatonin when injected 
thrice a day in pinealectomized hamsters, induced gonadal quies­
cence (Tamarkin et at., 1977) , some authors have argued that an 
intact pineal would not be required for the manifestation of the 
antigonadotrophic effects of melatonin, and most of them have 
now abandonned the second interpretation (Tamarkin et a l . , 1977;
Reiter, 1980; Hoffmann, 1981) . As indicated by Blask (1981) how­
ever, "the interpretation of their data is baffling, since much 
higher doses of melatonin are required to induce, in pinealec- 
tomized or denervated animals, the same response that occurs in 
intact hamsters receiving only one injection". Moreover, recent­
ly Pévet et al. (1983) have observed that under the same experi­
mental conditions melatonin was able to induce gonadal atrophy 
when the pineal synthesis of serotonin (and, thus, also of other 
serotonin derivatives) was inhibited by benserazide, an aromatic 
amino-acid decarboxylase inhibitor. It is therefore possible 
to suggest that melatonin does not act on the gonadal axis, 
neither via the increased production by the pineal of serotonin 
derivatives,nor via a synergic effect with endogenous serotonin 
derivatives. Although there is no proof it is — in our opinion — 
probable that the pineal compound implicated is a proteic/pep- 
t idic hormone.
III. INDOLE-DERIVATIVES: THEIR ROLE
In 1917 McCord and Allen reported that extracts of bovine 
pineals produced a dramatic blanching of the skin in amphibians 
Forty-two years later, Lerner et al. (1959) isolated and char­
acterized the compound responsible for this effect: N-acetyl-5- 
methoxytryptamine. Since this compound caused aggregation of 
melanin granules within melanophores, they called it melato­
nin. The enzymatic pathway which produces melatonin, and its 
dependence of the environmental lighting conditions, were then 
demonstrated (Axelrod, 1983; Klein et al., 1981) . Since that
time an extraordinarily large amount of research has been per­
formed on melatonin and its role, and to date this compound is 
considered as the pineal hormone responsible for inhibiting the 
reproductive system (details and refs, in Reiter, 1980), or as 
the pineal factor conveying photoperiodic messages. In short, 
the circadian pattern of pineal melatonin secretion is regulated 
by the nervous system. Changes in photoperiod, acting via the 
nervous system, alter the temporal pattern of melatonin secre­
tion. It would be this change in secretion pattern which would
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convey information about photoperiod to the reproductive axis 
and probably to other systems (for details and references see 
Goldman, 1983; Goldman and Darrow , 1983; Hoffmann, 1981; Hoff­
mann, this volume; Vivien-Roels and Pévet, 1983) .
Melatonin is thus a crucial pineal compound in the present­
ly examined physiological process, and for more details we refer 
to the abovementioned authors. However, the problem is even more 
complicated. Many other indole derivatives are also synthesized 
by the pineal in a rhythmic fashion, and many other organs are 
able to synthesize these compounds, melatonin included.
(a) Indole derivatives different from melatonin
It is well-known that within the pineal cells part of the 
amino acid tryptophan, taken up from the blood, is converted to 
5-hydroxytryptophan by hydroxy1 at ion. Decarboxylation of this 
indole derivative leads to the formation of 5 -hydroxytryptamine 
(serotonin) which is the indole that attains the largest concen­
tration within the pineal tissue. Serotonin, then, can be acety- 
lated to N-acety1serotonin , oxidized to 5-hydroxyindo1e-3-acetic 
acid, or metabolized to 5-hydroxytryptopho1. The 5-hydroxyin- 
doles, 5-hydroxytryptophan, 5-hydroxytryptamine (serotonin), 5-
hydroxyindo1e-3-acetic acid (N-acety1serotonin) can be methy­
lated by hydroxyindole-O-methyltransferase (HIOMT). This means 
that at least 5 different methylated products; 5-methoxytrypto- 
phan, 5-methoxytryptamine, 5-methoxyindo1e-3-acetic acid, 5-meth
oxytryptopho1 and melatonin can be formed in the pineal (Bale- 
mans, 1979, 1981) . All these 5-methoxyindo1es (and 5-hydroxy-
indoles) are potentially active factors and indeed numerous re­
sults in the literature report an effect of some of these in­
doles on sexual development and reproduction. More specially 
it has been demonstrated that 5-methoxytryptamine, like melato­
nin, if administered properly, can duplicate most of the effects 
of the photoperiod on the reproductive axis of the male golden 
hamster, and that the effects of 5-methoxytryptopho1 , like those 
of melatonin and 5-methoxytryptamine, are photoperiod-dependent 
(see details and references in Pévet, 1983c,d).
Comparing the results with those obtained by melatonin, an 
analysis of the secretory pattern of these 5-methoxyindo1es 
(and hydroxyindo1es) appears to be important. Although the re­
sults of this study are still scarce, clear information is avail 
able at present. Most of the 5-hydroxy- and 5-methoxyindo 1es 
appear to be synthesized in a rhythmic fashion. This was known 
for a long time for serotonin, the precursor of most 5-methoxy- 
indoles of which the synthesis in the pineal is 1ight-depend­
ent . Concerning 5-methoxytryptopho1, Pévet et al. (1980) , us ing 
the technique of Balemans et aZ. (1978), have observed that in
male hamsters there is a diurnal change in the synthesis of 5- 
methoxytryptopho1, with a peak during daytime, a result which 
has recently been confirmed by Beck and Pévet (1984) (Fig. 1), 
using the gas chromatography-mass spectrometry technique. Much 
additional information, often fragmentary, has been reported 
on this problem of the diurnal rhythm in 5-hydroxy- and 5-meth- 
oxyindole synthesis. Comparing the results obtained in differ­
ent species (reptiles, birds and mammals) it appears that the
171
FIG. 1. Concentrations of melatonin, 5-methoxyindole-acetic acid (5MIAA) 
and 5-methoxytryptophol (5MT0L) in the hamster pineal gland during a 
light-dark cycle (long photoperiod, 14L/10D). (From Beck and Pévet, 1984, 
with permission).
relative importance of the various 5-methoxyindo1es synthe­
sized by the pineal, as well as the diurnal and seasonal rhythms, 
vary considerably from one species to another, suggesting that 
not only melatonin but also other 5-methoxyindo1 es are of phys­
iological importance. (For a detailed analysis and references 
we refer to Vivien-Roels and Pévet, 1983; and Vivien-Roe1s , this 
volume . )
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(b) The extra-pineal sources of melatonin and of other 
5-methoxy indole s
Until recently it was commonly assumed that the pineal gland 
was the only source of melatonin. This assumption was based on 
early studies by Axelrod and Weissbach (1961) and Axelrod et al. 
(1961) who reported that HIOMT, the enzyme implicated in the for­
mation of melatonin, was found only in the pineal. Since that 
time, however, considerable evidence has accumulated on the 
presence of HIOMT and of melatonin in many organs such as the 
Harderian gland, the retina, the intestine (Gern and Karn, 1983; 
Vivien-Roels and Pévet, 1983; Pévet, 1983c). Melatonin synthesis 
itself has been demonstrated to occur in the retina of the trout 
(Gern et al. , 1978; Gern and Ralph, 1979) , the tortoise (Vivien-
Roels, personal communication), mole-rat (Balemans et al. , 1980),
hamster (Pévet et al., 1980; Balemans et al., 1983) and mole 
(Pévet et al., 1978), and in the Harderian gland of the hamster 
(Pévet et al., 1980; Balemans et al., 1983) and mole-rat (Bale-
mans et al. , 1980) . Such extra-pineal synthesis of melatonin has
also been indirectly confirmed in the rat and hamster by Reiter 
et al. (1982, 1983). These authors, indeed, observed an increase
in melatonin concentration in the retina and Harderian gland af­
ter pine a1ectomy. Recently it has also been demonstrated that, 
like the pineal, the retina and the Harderian gland synthesize 
also other 5-methoxyindo1 es such as 5-methoxytryptopho1, 5-meth- 
oxytryptamine, etc. (Pévet et al., 1981; Balemans et al. , 1983;
Pévet, 1983c,d).
Quantitatively this production of melatonin and other 5- 
m ethoxyindoles is not neglectable. Indeed, if in Richardson’s 
ground squirrel (Reiter et al. , 1981) or the rat (Reiter et al. ,
1983) the pineal melatonin concentration measured by RIA is far 
higher than that observed in the retina and Harderian gland, in 
some other species such as the Syrian hamster a completely op­
posite result was observed. Reiter et al., for example (1982), 
found in the Harderian gland during day-time approximately 25 pg 
of melatonin/mg wet tissue. Considering that one hamster Harder­
ian gland weighs 80 - 100 mg, and that one animal has two Har­
derian glands, this means that during day-time 4000 - 5000 pg of 
melatonin are present in the Harderian glands, and this should 
be compared with the approximately 250 pg of melatonin found in 
the pineal in day-time and even with the 2000 - 2500 pg found 
during the night. This result — which confirmed the observations 
by Pévet et al. (1980) who, using different techniques, obtained
similar results — indicates clearly (especially if we consider 
also the retina, intestine and other as yet unidentified pro­
duction organs) that only a small part of the melatonin and 
other 5-methoxyindoles present in the body originatesfrom the 
pineal (Pévet et al., 1981; Pévet, 1983c).
The physiological role of the extra-pineal melatonin and 
other 5-methoxyindoles is still unknown. With respect to the 
presently examined phenomenon of seasonal reproduction it ap­
pears that, like for the pineal, the diurnal melatonin synthe­
sis or concentration in the retina and the Harderian gland is 
different, depending upon the species, the lighting conditions 
and the season. The very few results obtained sofar seem to 
demonstrate that the same holds for the other 5-methoxyindoles, 
and that in the retina and Harderian gland the synthesis of
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5-methoxyindo 1 es appears to be related to the light-dark cycle 
and other factors such as environmental temperature (Vivien- 
Roels and Pévet, 1983; Gern and Karn, 1983).
The 5-methoxyindo 1es produced by the retina and Harderian 
gland as well as those produced by other organs are therefore 
probably implicated in the phenomenon studied. The question is: 
how? It would seem that a local action has to be envisaged. 
Melatonin, for example, is known to play a role in the pigment 
aggregation in the epithelium of the retina (Pang and Yew, 1979) 
and, similarly, it may act as a substance inhibiting or facili­
tating the visual process by modifying the porphyrin content in 
the Harderian gland (Wetterberg et al. , 1970) .
Without any doubt the local effect is important to consider. 
However, the question of whether part of the circulating mela­
tonin (as well as other 5-methoxyindoles) originates from these 
organs is of primordial importance.
(c) The ovigin of circulating 5-methoxyindole s
To date, melatonin, 5-methoxytryptopho1 and 5-methoxytrypta- 
mine have been identified in blood (references in Pévet, 1983c), 
but the available information on the problem of their synthesis 
concerns exclusively melatonin. A daily rhythm in circulating 
melatonin has been reported for several mammals, birds, reptiles 
amphibians and fishes. Generally, changes in blood melatonin 
show a strong parallel with changes in pineal melatonin content, 
and pinealectomy induces a drastic decrease in plasmatic melato­
nin concentration (Vivien-Roe 1s and Pévet, 1983) . However, in 
the tortoise (Testudo hermanni), depending upon the season, 
such parallelism between pineal and blood melatonin concentra­
tion is not always evident. In June and August, a night peak is 
observed in both pineal and plasma, but in September the circu­
lating melatonin levels remain lower during the night while a 
day-night rhythm is still observed in the pineal. Also, in De­
cember there is no correlation between pineal and circulating 
melatonin levels (Vivien-Roe1s and Arendt, 1981). Circulating 
melatonin was also observed in pinealectomized rats (Ozaki and 
Lynch, 1976). Kennaway et al. (1977) even found an increased
level in sheep after pinealectomy, a result which was contested 
by Arendt et al. (1979) . In trout, Gern et al. (1978) demonstrat
ed that if pinealectomy significantly reduced plasma melatonin, 
a nycthemeral rhythm with high values in mid scotophase persist­
ed. In the green sea turtle, pinealectomy does not either re­
duce nocturnal plasmatic melatonin concentration (Owens et al., 
1980) .
The presence of melatonin has also been demonstrated in the 
blood of animals such as the alligator and the armadillo in 
which the pineal is lacking (Ralph, 1981; Roth et al., 1980).
In the armadillo, even a clear day-night variation with high 
levels during the night was detected (Harlow et al., 1981).
So, if in most animals the major part of the melatonin present 
in the blood originates from the pineal it is evident that, 
depending upon the species, a larger or smaller fraction of it 
may originate from extra-pineal sources. Such evidence is impor­
tant to consider here especially because functional relation­
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ships are known to exist between the pineal, the retina and the 
Harderian gland, Harderianectomy, for example, abolishes the 
effect of light on pineal HIOMT and on serotonin levels in blinded 
rats (Wetterberg et at., 1970) . Pinealectomy will also induce 
an increase in melatonin content in the retina and Harderian 
gland of the rat (Yu et at., 1981; Reiter et at., 1983). "Some­
thing of pineal origin may normally curtail melatonin levels 
within the Harderian gland (and the retina)", thus concluded 
the 1 ast-mentioned group. As it is known that exogenously ad­
ministered 5-methoxyindo1 e s , at least melatonin, are taken up 
primarily by the 5-methoxyindo1e-synthesizing organs themselves 
(pineal, Harderian gland, retina, etc.) (Wurtman et at., 1964; 
Bubenik et at., 1978), it may be suggested that the "something" 
could be a 5-methoxyindole. Circulating 5-methoxyindo1es origin­
ating from one organ could influence the synthesis of other 5- 
methoxyindo1es in another organ.
IV. 5-METH0XYIND0LES, 5-METHOXYINDOLE-SYNTHESIZING ORGANS,
PINEAL PROTEIC/PEPTIDIC HORMONES, AND SEASONAL REPRODUCTION: 
A WORKING HYPOTHESIS
In the pineal gland neuronal information derived from the 
external light/dark cycle is transduced into a chemical message 
which acts at a distinct target site (Gern and Karn, 1983; Gold­
man, 1983). Although this phenomenon is an integral part of 
this process, the mechanism by which the seasonal sexual cycle 
is synchronized with annual climatic changes appears to be more 
complicated.
The numerous — often contradictory — data obtained on this 
problem in the last few years, in mammalian as well as in non­
mammalian species, are difficult to integrate. However, it ap­
pears that (1) the organs which react to environmental informa­
tion such as light (pineal, retina, Harderian gland), tempera­
ture (pineal, retina (?), Harderian gland), or food (intestine), 
synthesize 5-methoxyindo1es and also concentrate circulating 5- 
methoxyindo1e s , at least melatonin; (2) the rhythm in melatonin 
concentration and synthesis, and the rhythm in the synthesis of 
other 5-methoxyindoles in the pineal, the retina and Harderian 
gland are, depending of the species and of the experimental con­
ditions, photoperiod- as well as temperature-dependent; ( S )  un­
der both natural and laboratory conditions, all these rhythms 
show different seasonal variations; (4) the 5-methoxyindo1es 
strongly influence the synthesis of proteic/peptidic compounds 
in the pineal itself.
In order to integrate all this information, the following 
hypothesis has recently been proposed (Pévet et at., 1981;
Pévet, 1983d); "The 5-methoxyindo 1es (melatonin, 5-methoxy- 
tryptamine, 5-methoxytryptopho1, etc.), synthesized by the pin­
eal as well as by the retina, Harderian gland, intestine, etc.),
------ >
FIG, 2. Schematic summary of the working hypothesis indicated in the text.
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may be implicated in a system by which the pineal and some other 
brain structures may be able to perceive, to differentiate and 
to integrate information from the environment such as photo­
period, temperature, availability of food, magnetic field, etc. 
In response, the pineal may synthesize and release proteic/pep- 
tidic hormone(s) which may act on the reproductive axis."
This working hypothesis, schematically presented in Figure 2 
is tested at present at several levels in our laboratory. In 
this hypothesis, the 5-methoxyindo1es play a major role. The 
seasonal cycle in the activity of an endocrine axis such as 
the reproductive axis represents a phenomenon of long-term adap­
tation of the brain to changes in the environment. To adapt 
adequately, the brain should not only perceive and differentiate 
environmental information, but also the state of activity of 
various endocrine glands. Normally, the brain is protected by 
the b1ood-brain-barrier. The pineal is one of the few brain 
structures outside the b1ood-brain-barrier. It is known that the 
pineal is able to concentrate circulating hormones such as 
prolactin, LHRH, L H , testosterone, etc. (details and references 
in Pévet, 1982, 1983b; Cardinali, 1981, 1983). The exact physio­
logical significance of such phenomenon of accumulation of cir­
culating hormone is not exactly known, but the very few results 
obtained so far clearly indicate that these hormones influence 
the synthesis of melatonin (Cardinali, 1981; Cardinali, 1983), 
a compound which, like 5-methoxytryptopho1 and 5-methoxytrypta- 
mine, is able to cross the b1ood-brain-barrier. By such a system 
the relevant brain structures would be able to integrate differ­
ent information and to react adequately.
The observation by Yuwiler (1983a,b) that VIP, a neuropep­
tide present in peptidergic nerve fibres found in the pineal, 
influences also melatonin synthesis, suggests that other informa 
tion coming from the brain itself could thus, at the same time, 
be integrated.
The circles in the diagram of Figure 2 represent the 5-meth- 
oxyindole-synthesizing organs identified to-date. A circle X has 
been added to indicate that in the future other such organs will 
probably be identified. But which organs could be the ones con­
cerned ?
According to the present hypothesis it is via the 5-methoxy- 
indoles that the brain integrates — for an adaptive process —  
environmental information. All organs which react directly or, 
like the mammalian pineal, indirectly via innervation to differ­
ent environmental information such as e.g. the olfactory and 
gustatory organs and the organ of Corti, are, in our opinion, 
all potential 5-methoxyindo1e-synthesizing organs. In this re­
spect it is interesting to note that Bubenik (1981) has identi­
fied immunocytochemically melatonin in the rat palatin gland 
(relation to food) and that preliminary immunocytochemica 1 re­
sults obtained by Vivien-Roels et al. (personal communication) 
and by Vollrath (personal communication) suggest that the sen­
sory cells of the olfactory system and of the organ of Corti of 
the rat contain also melatonin.
Many additional results will be needed to confirm this as­
pect of our hypothesis and it should be noted that recently 
Vivien-Roels et al. (1984) have demonstrated the presence of mel
atonin in the compound eye of an insect, the locust.
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The local effect of 5-methoxyindo 1 es in the organs in which 
they are synthesized are represented here because we believe 
that, although difficult to analyze (see details in Collin (1979) 
and Collin and Oksche, 1981), this problem merits consideration.
Recent studies by Haldar-Misra and Pévet (1983a,b) have clearly 
demonstrated that melatonin and other 5-methoxyindo1es have a 
profound influence on the activity of the process involved in 
the synthesis and release of proteic/peptidic compounds. Such 
working hypothesis raises many questions, two of which are of 
special interest:
— Are the different 5-methoxyindo1 es involved in the integra­
tion of all environmental information, or does a specialization 
of some compounds for a given information exist?
— Which is the exact role of the various 5-methoxyindo1e-synthe - 
sizing organs?
Concerning the first question an analysis of the problem has 
already been given (Vivien-Roe1s and Pévet, 1983; Vivien-Roe1s , 
1983, and this volume). In short, it appears that the relative 
importance of the different indo1e-derivatives in mediating the 
effect of a given environmental factor may vary from one class 
of vertebrates to another, and even from species to species. 
Results obtained in reptiles, e.g., suggest that the 5-hydroxy- 
indole serotonin could be more specially implicated in the inte­
gration of the photoperiod, whereas the 5-methoxyindo1e melato­
nin could be involved more particularly in the integration of 
environmental temperature (Vivien-Roe 1s and Arendt, 1981) . On 
the other hand it is also well-known that melatonin — the com­
pound most studied — is thoroughly implicated in conveying 
photoperiodic information (Hoffmann, this volume), but in some 
species, especially poikilothermal species, melatonin is also 
able to integrate variations in environmental temperature (Vi- 
vien-Roels, this volume). Semm et at. (1982) and Welker et al. 
(1983) observed that in the rat the nocturnal peak in melatonin 
concentration is modified by an alteration of the magnetic field. 
One might think that the duration of the night rise in pineal 
melatonin is controlled by photoperiod, while its amplitude is 
controlled by other factors such as temperature or magnetic 
field. Considering the number of 5-methoxyindo 1es identified un­
til now, many possibilities are open.
With regard to the problem of the possible role of other 
5-methoxyindo1e-synthesizing organs the available information 
is still more scarce. Recently however, we have obtained results 
which permit to assert that the Harderian gland is important in 
such an adaptive process. Adult male golden hamsters kept under 
natural conditions were blinded at the end of April and sacri­
ficed two months later. The classically described gonadal atro­
phy was observed, but we also found that blinding had induced 
atrophy of the Harderian gland, as appeared from a decrease in 
volume and weight. Moreover, a concomitant decrease in serotonin 
concentration was noted (Table 1).
The mole-rat (Spalax ehrenbevgi , Nehring) is a blind fosso- 
rial animal in which the visual pathway is not functional (Haim 
et al. , 1983), but that responds to photoperiodic changes, as is
evident from photoperiodic changes in their thermoregulatory 
capacities. These animals adaptively increase their resistance 
to cold when kept under short photoperiod (Haim et al. , 1983).
After two weeks in short photoperiod the thermoregulatory capac-
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TABLE 1. Effect of blinding on the Harderian gland of male golden hamsters 
kept under natural conditions. The animals were blinded at the 








Normal hamsters 89.41 + 1.62 8.83 + 0.15 770.53 +17.7
(40)
Blinded hamsters 45.31 + 3.88 5.8 +0.37 254.67 + 27.08
(48)
ities of Harderianectomized animals are less than those of the 
controls (Pévet et at., 1984. In this animal the Harderian gland 
is clearly implicated in the detection of photoperiodic changes.
Such a working hypothesis would also permit to explain the 
many other functions attributed to the pineal gland (see Relkin, 
1983). 5-Methoxyindo1es synthesized by, among other organs, the
pineal would be involved in a system enabling the brain to in­
tegrate environmental changes. If this is true, it is evident 
that such a system could be used by all centrally controlled 
physiological systems which have to adapt to annual climate 
changes, the seasonal sexual cycle being only one of them. All 
experiments at the level of the pineal would have an effect sim­
ply because so the mechanism to integrate environmental changes 
is disturbed and the physiological process concerned cannot 
adapt to these changes anymore.
V. CONCLUSION
This working hypothesis — which is an oversimplification — 
probably raises more questions than it solves. All data obtained 
to date on different groups of vertebrates indicate that the 
function of melatonin and other 5-methoxyindoles is primarily 
concerned with the synchronization of central functions with 
changes in the environmental conditions. 5-Methoxyindo1 es are 
synthesized by different organs, many of which are probably 
still to be discovered, and this fact should not be neglected.
The environmental stimuli appear to be more specially trans­
mitted via changes in the plasmatic concentration of different 
5-methoxyindo1 e s . In this respect, especially if we consider 
melatonin and photoperiodism , the pineal seems to play a central 
role because a larger or smaller fraction of circulating mela­
tonin, depending upon the species, originates from the pineal.
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Seasonal reproduction in most species appears closely cor­
related to climatic changes, and animals have thus developed 
adaptative strategies in order to synchronize their reproduc­
tive activity with the period of the year where conditions of 
life are optimal for the survival of the offspring.
Periodic environmental cycles, such as photoperiod, tempe­
rature or rainfall are known to give predictive information 
and are used by many species as indicators of seasons. If the 
exact mechanisms by wich environmental informations are inte­
grated are not yet known, the pineal gland appears to be invol­
ved in long term adaptation of seasonal reproduction (ref in : 
Reiter 1978, 1981, Kappers and Pévet 1979, Oksche and Pévet 
1981, Follett and Follet 1981, Vivien-Roels and Pévet 1983, 
Hoffman this volume).
The relationships existing between the development of the 
pineal gland and the zoogeographical distribution or the eco­
logical conditions in which animals live, suggest that the 
pineal gland may be implicated in the integration of environ­
mental information (Ralph, 1975, Pévet, 1979, this volume, 
Vivien-Roels, 1981, Vivien-Roels and Pévet, 1983), the gland 
being well-developed when the pressure of the environment is 
very strong. It is now also clearly demonstrated that some 
pineal hydroxy- and methoxy-indoles are implicated in media­
ting the effects of photoperiodic information on seasonal 
reproduction in many vertebrates living in temperate regions 
(ref in Goldman, 1983).
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Photoperiod, however, is only one environmental factor 
that vary annualy and in many non-mammalian vertebrates, 
especially in poikilotherms, seasonal variations in environ­
mental temperature are known to be more important than photo­
period in the regulation of seasonal reproductive cycles 
(Lofts, 1975) .
This raises the question whether the pineal gland, which 
in many poikilotherms is well-developed and active, is able 
to integrate more than one environmental factor.
This review will be an attempt to specify the possible 
role of the pineal gland and more especially of the indole 
derivatives in mediating the effects of environmental infor­
mation, with special reference to temperature, on seasonal 
reproduction in non-mammalian vertebrates.
INTERACTIONS BETWEEN PHOTOPERIOD AND TEMPERATURE IN
REGULATING SEASONAL REPRODUCTIVE CYCLES IN NON-MAMMALIAN
VERTEBRATES
In order to anticipate the approach of suitable season 
for breeding activity, animals have evolved response mechanisms 
to various appropriate environmental stimuli, such as 
photoperiod, temperature, humidity, rainfall. Among these 
"proximate factors", as defined by Baker (1938), photoperiod 
has been, by far, the most extensively studied in vertebrates 
as well in invertebrates (ref. in Lofts, 1975, Perry and 
Rowlands 1973, Follett and Follett, 1981). But although 
daylength is an important source of information in many sea­
sonal cycles, it must be remembered that it is not the only 
factor that vary annually in mid or high latitudes. Especially, 
when considering poikilothermic vertebrates, which body tem­
perature and consequently metabolic activities change when 
environmental temperature varies, seasonal thermal fluctua­
tions are of great importance (Lofts, 1975). We will thus 
consider more especially the interactions between these two 
"proximate factors" in the regulation of seasonal reproduc­
tion in non-mammalian vertebrates.
The first demonstrable proof that daylength could have an
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effect on reproductive behaviour in vertebrates has been provi­
ded by Rowan (1925) in birds. For this reason, photoperiod has 
been extensively studied in this group (ref. in Follett and 
Follett, 1981) . Nevertheless if it is well-known that in seve­
ral birds from high and mid-latitudes the increasing daylength 
in spring is responsible for starting gonadal activity, it has 
also been reported that this gonadal response to stimulatory 
photoperiod may be modified by environmental temperature 
(Lofts, 1975) . Especially some field data report correlations 
between environmental temperature and the speed of testicular 
development in response to increasing daylength, or the date 
of egg laying. An exceptionally mild spring for example causes 
unusually early breeding in many passerine birds, while a cold 
winter can nullify the effects of spring daylength (Lofts 1975) 
Nevertheless experimental data concerning interactions between 
photoperiod and environmental temperature on birds are lacking 
to date.
In poxkilotherms, the effects of daylength on reproduction 
are generally inextrically intermingled with those of tempera­
ture an in many species thermoperiodism is often dominant to 
photoperiodism.
The extensive literature on reptilian reproductive cycles 
(ref. in Licht, 1972, Callard and Ho, 1980) reports that tem­
perature fluctuations greatly affect annual gonadal cycles, 
but often associated with photoperiod. In some species such as 
the lizard Anolis carolinensis, the regenerative phase of 
spermiogenesis is temperature dependent from late fall to ear­
ly spring, but photoperiod is important in testicular maintai- 
nance and eventual regression (Callard and Ho, 1980). In the 
same species it has been recently demonstrated that the photo- 
periodic gonadal response disappears when the environmental 
temperature is too low (Underwood and Hall, 1982). Also in a 
desert lizard, Uma notata, Lofts (1975) has reported that 
increasing photoperiod in early spring stimulates development 
of the gonads while the decline of the breeding season in late 
spring is due to an increase of the environmental temperature 
in the early afternoon. In the tortoise, Testudo hermanni,
190
Kuchling (1982) recently reported that photoperiod had no 
effect on the begining of the spermatogenic cycle; a long pho­
toperiod associated with high temperature nevertheless has a 
stimulatory effect on spermiogenesis. In the same species, 
evaluating the relative importance of photoperiod and tempera­
ture. Vivien-Roels and Arendt (1981), Vivien-Roels and Pévet 
(1983), also reported that the gonadal fuction of male tortoi­
ses, at least concerning testis growth and testosterone produc­
tion, is essentially controlled by environmental temperature 
and that photoperiod has no significant effect on given expe­
rimental conditions. A long term study, carried out during two 
consecutive years leads to similar results (Vivien-Roels et al. 
1984) .
Also in amphibians, breeding activity is strongly influen­
ced by environmental temperature sometimes associated with 
photoperiod (Lofts, 1974, 1975). For example in the 
green frog, Räna esculenta it has been reported that tempera­
ture is the primary proximate factor in the regulation of 
quiescence, whereas stimulation and maintainance of active 
spermatogenesis requires both high temperature and "normal" 
photoperiod (Rastogi and Iela, 1976).
In fishes, a recent review of Crim (1982) reports that 
both light and temperature variations cue seasonal gonad deve­
lopment in the teleosts, the relative importance of these two 
factors differing among the various fish species. In the euro­
pean minnow, Phoxinus phoxinus, for example, to attain full 
maturity for both sexes requires a combination of long days 
and high temperatures; without this combination maturation of 
the eggs in the ovary is arrested and spermatogenesis in males 
is helded to the spermatocyte stage (Lofts, 1975).
Some species such as the tench, Tinea tinea, or the cypri- 
nid fish Migrogrex terrae-sanctae, respond primarly to changes 
in the temperature for regulating their reproductive cycles.
On the other hand in some salmonids and gasterosteids^ photope­
riod seems to be the major environmental cue timing reproduc­
tive cycles (De Vlaming, 1972, Crim, 1982). But a same species 
frequently respond to both changes in photoperiod and tempera-
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tűre; in the trout for example, gonad maturating is stimulated 
by decreasing photoperiod although blood gonadotrophin levels 
are modified by temperature (Breton and Billard, 19 77) .
From this brief survey on the interactions of photoperiod 
and temperature in regulating gonadal cycles in non-mammalian 
vertebrates and more especially in polkilotherms, it appears 
that these two factors are strongly interdependent and act 
concurrently, at least in species living in high or mid lati­
tudes .
Animals needs thus to differenciate more than one environ­
mental information. Since the pineal gland is now well-known 
to be involved in mediating the effects of photoperiodic in­
formation on seasonal reproduction (ref. in Reiter 1981b, 
Goldman, 1983, Vivien-Roels and Pévet, 1983), this raises the 
question if the pineal is able to integrate more than one in­
formation and how it integrates these different informations.
THE PINEAL GLAND AND THE INTEGRATION OF PHOTOPERIOD
AND ENVIRONMENTAL TEMPERATURE IN NON-MAMMALIAN VERTEBRATES.
To date, two groups of compounds have been identified 
and proposed to be responsible of the endocrine capabilities 
of the pineal gland of vertebrates : indoleamines, especially 
5-methoxyindoles, and peptides which are not yet fully identi­
fied .
Indoleamines have received more attention, since, at least 
the synthesis of serotonin and by consequence of serotonin 
derivatives, such as melatonin, is controlled by light (refin 
Wurtman et al.1968,Reiter,198 la) . On the other hand it is now 
well-known that pineal indoles fluctuate diurnally and that 
their rhythraicity is clearly linked to the recurring cycle of 
light and darkness(wurtmanetal.1 9 6 8).In all species studied to 
date, pineal serotonin concentrations are high during day-time, 
while pineal melatonin concentrations strikingly show a peak 
in the dark phase. Nevertheless in some species the amplitude 
of the day-night rhythm of serotonin as well as melatonin may 
vary with seasons (ref. in Vivien-Roels and Pévet, 1983) . 
Especially in species living in temperate regions, where pho­
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toperiod and external temperature largely fluctuates throughout 
the year, temporal relationships have been reported between 
the seasonal variations in pineal or circulating indole con­
centrations and the annual variations in daylength or environ­
mental temperature. These results have suggested that the 
pineal gland of vertebrates could integrate variations in 
these two environmental factors "via indole derivatives" (ref. 
in Vivien-Roels, 1983, Vivien-Roels and Pévet, 1983). Moreover 
there are now some preliminary results concerning the effects 
of these two factors on the day-night or seasonal rhythms in 
pineal indole derivatives.
Photoperiod
The possible influence of photoperiodic changes in the 
day-night or seasonal production of indoles derivatives has 
only been investigated in a few species to date.
In birds, Cockrem and Follett (1983) recently reported 
that photoperiod influences the duration and the amplitude of 
the night peak of melatonin in the pineal of the quail,
Coturnix coturnix japonica. Using two light-dark (LD) cycles, 
of respectively LD : 8-16 and LD : 16-8, they reported that 
the duration of elevated melatonin levels depends on the dura­
tion of the night, but the amplitude is lower under LD : 8-16 
than under LD 16-8. Similar results had already been reported 
for N-Acetyltransferase activity (NAT) in the chicken (Binkley 
et al., 1977)and in the djungarian hamster, Phodopus sungorus 
(Hoffmann, 1981); maximal values being higher during long pho­
toperiod (LD : 16-8), but duration of elevated NAT activity 
being distinctly longer in short days (LD, 12-12, LD : 8-16). 
Also Florant and Tamarkin (1984)just report that in the marmot, 
Marmota flavinensis, the mean duration of elevated night mela­
tonin concentrations was significantly longer in short photo­
periods (LD : 4-20, LD : 8-16) than in long photoperiods (LD : 
16-8).
Photoperiods shorter (8L-8D) or longer (18L-18D) than 24 
hours have also been shown to entrain the day-night rhythm of 
NAT activity (Dol et al., 1983).
In poikilotherms data are very scarce to date. Menaker
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and Wisner have recently demonstrated that "in vitro" the diur­
nal pineal melatonin rhythm may be entrained by a light-dark 
cycle in a lizard, Anolis carolinensis.(Menaker and Wisner 1983)
In the tortoise, Testudo hermanni, preliminary results have 
shown that experimental changes in photoperiod in winter (Janu- 
ary-February) or in summer (June-July) did not significantly 
affect the day-night rhythm of melatonin concentrations in the 
pineal or in the plasma (Vivien-Roels and Arendt, 1981, 1983). 
More recently, in a long term study, male tortoises have been 
maintained during two different years under a constant long 
photoperiod (LD : 16-8) and normally changing temperature. 
Pineal melatonin concentrations,evaluated by radioimmunoassay 
(RIA) every 6 weeks or two months (Vivien-Roels et al. 1984) 
during day- and night-time^ did not significantly differ from 
those of control animals maintained under natural conditions of 
photoperiod and temperature (Table 1). The night rise of mela­
tonin was suppressed in both groups from November until March. 
Nervetheless in December 1983 and February 1984, in both con­
trols and experimental group pineal melatonin concentrations 
were high during day-time. Higher melatonin concentrations du­
ring day-time were already observed previously in the plasma 
of tortoises killed in December 1977 (Vivien-Roels and Pévet, 
1983). Although these results are difficult to interpreté at 
the moment, whithout further investigations, they suggest a 
number of hypotheses. First of all one cannot exclude the pos­
sibility of melatonin synthesis during day-time in some species 
or in some environmental conditions; may be also that animals, 
which are hibernating and burying during winter, do not detect 
the photoperiodic conditions and are "free-runing", and pineal 
melatonin rhythm may persist with a period slightly different 
from 24 hrs; but one has also to consider the possibility of 
a cross-reaction with other indole derivatives synthetized 
during day-time.
What appears nevertheless clearly from these results is 
that photoperiod has no significant effect on the amplitude of 
the day-night production of pineal melatonin in the tortoise.
A possible effect of photoperiod on the duration of the night 
peak of melatonin has now to be tested in this species.
1981-1982
Time of 
autopsy July September October December February march may june
_ , 12 Controls h 20+4 46 + 10 16+2
24 h 41113 23+10 50 + 17
LD:16-8 12 h 30 + 14 13+3 2818
24 h 1412 23+10 90121
T°:25-30°C 12 h 1312 22113 1211
24 h 110140 657+200 601+64
1983 - 1984
12 h 26+5 100+21 71+29 268+38 157+62 4117 110124 68 + 14
Controls 24 h 2951101 97+24 124+20 4 3+5 6516 303+162 284139 298+88
12LD:16-8 h 51 + 10 82+6 55 + 15 278+65 3811100 2315 42127
24 h 494+125 127+36 258+91 50+9 250+152 92129 301147
T °:25-30 °C 12 h 33+7 142+37 23+3 110+31 138195 3814 75115 134159
24 h 440+103 385+72 475+178 362158 570+140 405+163 7311235 399+158
Table 1 : Day and night pineal melatonin concentrations (pg/mg gland), in animals maintained 
during the whole year, under natural conditions of photoperiod and temperature 
(controls) under constant long photoperiod ( 1 6 L -8 D ) ,  or under constant high 




E n v ir o n m e n ta l  t e m p e r a tu r e
Data on t h e  e f f e c t s  o f  e n v ir o n m e n t a l  t e m p e r a tu r e  on i n d o l e  
m e ta b o l i s m  i n  non-mammalian v e r t e b r a t e s  a r e  v e r y  s c a r c e  and  
l i m i t e d  t o  r e p t i l e s  t o  d a t e .
In  a l i z a r d ,  S c e lo p o r u s  o c c i d e n t a l i s , Quay e t  a l . (1971)
h a v e  r e p o r t e d  t h a t  p i n e a l  Hydroxy i n d o l e - 0 - m e t h y l t r a n s f e r a s e  
(HIOMT) a c t i v i t y  was lo w e r  i n  a n im a ls  c o l l e c t e d  d u r in g  c o l d  
d a y s  (1 2 .5 -1 8 ° C )  th a n  d u r in g  warm d a y s  ( 2 0 - 2 5 ° C ) . A l s o  i n  t h e  
g r e e n  s e a - t u r t l e  C h e lo n ia  mydas and i n  t h e  lo g g e r h e a d  t u r t l e ,  
C a r e t t a  c a r e t t a , Owens and Gern (1981) r e c e n t l y  r e p o r t e d  t h a t  
serum m e la t o n in  c o n c e n t r a t i o n s  w ere h i g h e r  i n  a n im a ls  k e p t  a t  
31°C th a n  i n  t h o s e  k e p t  a t  23°C . In  t h e  t o r t o i s e ,  T e s tu d o  
h e r m a n n i , e n v ir o n m e n ta l  t e m p e r a tu r e  a p p e a r s  t o  be  an im p o r ta n t  
f a c t o r  r e g u l a t i n g  t h e  a m p l i t u d e  o f  t h e  d a y - n i g h t  p r o d u c t io n  o f  
p i n e a l  m e l a t o n i n .  An i n c r e a s e  i n  t h e  e n v ir o n m e n t a l  t e m p e r a tu r e  
i n  w i n t e r  in d u c e s  an im p o r ta n t  and s i g n i f i c a n t  i n c r e a s e  i n  t h e  
n i g h t  p r o d u c t io n  o f  p i n e a l  m e l a t o n i n ,  w h i l e  a d e c r e a s e  o f  t h e  
e n v ir o n m e n t a l  t e m p e r a tu r e  i n  summer a b o l i s h e s  t h e  n i g h t  p eak  o f  
p i n e a l  a s  w e l l  a s  c i r c u l a t i n g  m e la t o n in  ( V i v i e n - R o e l s  and  
A ren d t  1 9 8 1 ,  1 9 8 3 ) .  In  a lo n g  term  s t u d y ,  m a le  t o r t o i s e s  have  
b een  m a in t a in e d  under a c o n s t a n t  h ig h  t e m p e r a tu r e  ( 2 5 - 3 0 °C) 
and norm al c h a n g in g  p h o t o p e r io d  d u r in g  two d i f f e r e n t  y e a r s  
(T a b le  1 ) .  In  su ch  a n i m a l s ,  a n i g h t  peak  i n  p i n e a l  m e la t o n in  
r e m a in s  p r e s e n t  a l l  a lo n g  t h e  y e a r ,  w h i l e  i n  c o n t r o l s  t h e  n i g h t  
peak o f  m e la t o n in  i s  a b o l i s h e d  from November u n t i l  March. Such  
a n im a ls  a l s o  rem ain  s e x u a l l y  a c t i v e  th r o u g h o u t  t h e  y e a r ,  a s  
e v a l u a t e d  by g o n a d o - s o m a t ic  in d e x  (GSI) and c i r c u l a t i n g  t e s t o s ­
t e r o n e  c o n c e n t r a t i o n s  ( V i v i e n - R o e l s  e t  a l . ,  1984) . T h e se  r e ­
s u l t s  c l e a r l y  show t h a t  t e m p e r a tu r e  i s  an im p o r ta n t  f a c t o r  in  
r e g u l a t i n g  t h e  d a y - n i g h t  p r o d u c t io n  o f  m e l a t o n i n  in  t h e  p i n e a l  
g la n d  o f  t h e  t o r t o i s e .
The im p o r ta n c e  o f  e n v ir o n m e n t a l  t e m p e r a tu r e  on t h e  a m p l i ­
tu d e  o f  t h e  n i g h t  r i s e  o f  p i n e a l  m e la t o n in  has  b een  r e c e n t l y  
c o n f ir m e d  i n  a l i z a r d ,  A n o l i s  c a r o l i n e n s i s  by Menaker and  
W isner  ( 1 9 8 3 ) .  T h e se  a u t h o r s ,  u s i n g  a s u p e r f u s i o n  t e c h n i q u e ,  
have  r e p o r t e d  a c l e a r  t e n d e n c y  f o r  t h e  a m p l i t u d e  o f  t h e  d a y -  
n i g h t  rhythm o f  m e la t o n in  p r o d u c t io n  t o  be  g r e a t e r  a t  27 -37°C  
th a n  a t  22°C .
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In  o t h e r  v e r t e b r a t e s ,  t e m p e r a tu r e  h a s  b een  r e p o r t e d  t o  
a f f e c t  HIOMT o r  NAT a c t i v i t y  in  mammals (N ir  e t  a l . ,  1 9 7 5 ,  1978, 
U l r i c h  e t  a l . ,  1973) . R e c e n t l y ,  V anecek e t  a l . (1984) have  
d e m o n s tr a te d  a c l e a r  e f f e c t  o f  e n v ir o n m e n t a l  t e m p e r a tu r e  on t h e  
a m p l i tu d e  o f  t h e  d a y - n i g h t  rhythm i n  p i n e a l  m e la t o n in  c o n c e n ­
t r a t i o n s  i n  t h e  g o ld e n  h a m s te r ,  M e s o c r i c e t u s  a u r a t u s . T h ese  
a u t h o r s  r e p o r t e d  a marked d a i l y  rhythm in  p i n e a l  m e la t o n in  
c o n t e n t  i n  w arm -adapted  h a m s te r s  (25°C) w h i l e  i n  c o l d - a d a p t e d  
h a m s t e r s ,  h i b e r n a t i n g  f o r  a t  l e a s t  2 d a y s  no rhythm i n  p i n e a l  
m e la t o n in  c o u ld  be o b s e r v e d .  T h ese  r e s u l t s  c o r r o b o r a t e  our  
p r e v i o u s  o b s e r v a t i o n s  i n  t h e  t o r t o i s e  ( V i v i e n - R o e l s  e t  a l ■,
1979) t h a t  d u r in g  w i n t e r  and h i b e r n a t i o n ,  t h e  d a y - n i g h t  rhythm  
i n  p i n e a l  m e la t o n in  was a b o l i s h e d .
When o v e r l o o k i n g  t h e  l i t e r a t u r e ,  i t  a p p e a r s  t h a t ,  d e p e n ­
d in g  on t h e  s p e c i e s ,  p h o t o p e r io d  a s  w e l l  a s  e n v ir o n m e n ta l  
t e m p e r a t u r e ,  b o th  i n t e r v e n e  i n  t h e  r e g u l a t i o n  o f  t h e  d a y - n i g h t  
o r  s e a s o n a l  v a r i a t i o n s  in  p i n e a l  i n d o l e  m e t a b o l i s m .  A l l  t h e  
d a ta  a v a i l a b l e  t o  d a t e ,  c o n c e r n in g  t h e  e f f e c t s  o f  p h o t o p e r io d  
and t e m p e r a tu r e  s u g g e s t  t h a t  t h e  p i n e a l  g la n d  i s  a b l e  t o  i n t e ­
g r a t e  t h e s e  two e n v ir o n m e n t a l  f a c t o r s  " v ia  i n d o l e  d e r i v a t i v e s " ,  
b u t  t h e y  a l s o  open  s e v e r a l  q u e s t i o n s .
Are t h e  d i f f e r e n t  i n d o l e  d e r i v a t i v e s  i m p l i c a t e d  i n  t h e  
i n t e g r a t i o n  o f  a g i v e n  s t i m u l u s ,  a s  a l r e a d y  s u g g e s t e d  a few  
y e a r s  ago  by K le in  and W e l le r  (1972) . S tu d y in g  t h e  e f f e c t s  o f  
l i g h t - t e m p e r a t u r e  r e g im e s  on p i n e a l  s e r o t o n i n ,  HIOMT and NAT 
c o n t e n t ,  t h e s e  a u t h o r s  c o n c lu d e d  t h a t  t h e r e  c o u ld  b e  "a d u a l  
m echanism  c o n t r o l l i n g  p i n e a l  f u n c t i o n  in  t h e  s u c k l i n g  r a t " ,
NAT b e in g  s e n s i t i v e  t o  te m p e r a tu r e  and s e r o t o n i n  t o  e n v i r o n ­
m e n ta l  i l l u m i n a t i o n .  A l s o  our r e s u l t s  c o n c e r n in g  t h e  e f f e c t s  o f  
p h o t o p e r io d  and t e m p e r a tu r e  on s e r o t o n i n  and m e la t o n in  rhythm s  
i n  t h e  t o r t o i s e  a r e  in  a g r e e m e n t  w i t h  su ch  an h y p o t h e s i s .  But 
on t h e  o t h e r  hand, d a ta  o b t a i n e d  in  some r e p t i l e s ,  b i r d s  and 
a l s o  i n  mammals s u g g e s t  t h a t  p h o t o p e r io d  c o u ld  r e g u l a t e  th e  
d u r a t i o n  o f  t h e  n i g h t  r i s e  in  p i n e a l  m e la t o n in  w h i l e  t e m p e r a tu ­
r e  c o u ld  r e g u l a t e  t h e  a m p l i tu d e  o f  t h e  d a y - n i g h t  rhythm . The 
d i f f e r e n t  r e s u l t s  o b t a i n e d  i n  t h e  d i f f e r e n t  s p e c i e s  a l s o  open
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t h e  q u e s t i o n  i f  t h e  r e l a t i v e  im p o r ta n c e  o f  t h e  d i f f e r e n t  i n d o l e  
d e r i v a t i v e s  i n  m e d ia t in g  t h e  e f f e c t  o f  a g i v e n  e n v ir o n m e n ta l  
f a c t o r  may v a r y  from c l a s s  o f  v e r t e b r a t e  t o  a n o t h e r .
To d a t e ,  i t  i s  n o t  p o s s i b l e  t o  answ er t h e s e  d i f f e r e n t  
q u e s t i o n s  b u t  i t  i s  now w e l l -k n o w n  t h a t  s e v e r a l  h v d r o x y in d o le s  
can  be c o n v e r t e d  t o  m e t h o x y in d o le s  by t h e  enzyme HIOMT. In a 
r e c e n t  r e v ie w ,  Balem ans (1 9 8 1 ) ,  r e p o r t e d  t h a t  HIOMT a p p e a r s  t o  
be t h e  s y n t h e t i z i n g  enzyme f o r  a l e a s t  s i x  5 - m e t h o x y in d o le s  
(MI) : 5 -m e th o x y tr y p to p h a n e  (MW), 5 -m e th o x y tr y p ta m in e  (MT), 
m e la t o n in  (aMT), 5 - m e t h o x y t r y p t o p h o l  (ML), 5 - m e t h o x y in d o le  
a c e t i c  a c i d  (MA) and 0 - A c e t y l  5 - m e t h o x y t r y p t o p h o l .  A l l  o f  t h e s e  
compounds a r e  p o t e n t i a l l y  p i n e a l  a c t i v e  com pounds. D uring  t h e  
l a s t  few  y e a r s ,  more a t t e n t i o n  h as  b een  p a id  t o  t h e  d a y - n i g h t  
and s e a s o n a l  v a r i a t i o n s  o f  t h e  d i f f e r e n t  5 - m e t h o x y in d o le s  s y n -  
t h e t i z e d  by t h e  p i n e a l  g la n d  o f  v e r t e b r a t e s  and t h e i r  p o s s i b l e  
r o l e  i n  r e g u l a t i n g  s e a s o n a l  r e p r o d u c t i o n  ( r e f .  in  P é v e t ,  19 83) .
DIFFERENT 5-METHOXYINDOLES SYNTHETIZED IN THE PINEAL GLAND IN 
NON-MAMMALIAN VERTEBRATES : DAY-NIGHT AND SEASONAL VARIATIONS.
Day n i g h t  and s e a s o n a l  rhythm s i n  t h e  s y n t h e s i s  o f  t h e  
d i f f e r e n t  5 - m e t h o x y in d o le s  a r e  now a v a i l a b l e  i n  a few  s p e c i e s  
o f  non-mammalian v e r t e b r a t e s .
In b i r d s ,  r e c e n t  d a ta  (Grady e t  a l . ,  1 9 8 4 ) ,  u s i n g  h i g h -  
p e r fo r m a n c e  l i q u i d  chrom atograp h y  w i t h  e l e c t r o c h e m i c a l  d e t e c ­
t i o n ,  r e p o r t  d a y - n i g h t  d i f f e r e n c e s  o f  d i f f e r e n t  h y d r o x y -  and 
m e t h o x y in d o le s  i n  t h e  p i g e o n ,  Columba l i v i a , k i l l e d  in  m id -  
j u n e .  M e la to n in  and N - a c e t y l  s e r o t o n i n  w ere  r e p o r t e d  t o  be  
3 - f o l d  i n c r e a s e d  d u r in g  n i g h t ,  w h i l e  s e r o t o n i n ,  5 - h y d r o x y in d o -  
l e  a c e t i c  a c i d  and MA w ere d e c r e a s e d  a t  n i g h t  and ML d id  n o t  
show d a y - n i g h t  d i f f e r e n c e s .  P r e v io u s  r e s u l t s  o f  Balem ans e t  a l . 
(1981) i n  t h e  p a r a k e e t ,  M e l o p s i t t a c u s  u n d u l a t u s , had r e p o r t e d  
t h a t  t h e  HIOMT a c t i v i t y  r e s p o n s i b l e  f o r  t h e  s y n t h e s i s  o f  aMT/
ML shows a maximal a c t i v i t y  d u r in g  t h e  d ark  p h a se  i n  A p r i l  a s  
w e l l  a s  i n  November, w h i l e  MW and MT s y n t h e s i s  w ere  h ig h  d u ­
r i n g  d a y - t i m e ,  b u t  w i t h  lo w e r  s y n t h e s i s  i n  november th a n  in  
a p r i l  f o r  MT. More r e c e n t l y ,  C o l l i n  e t  a l . (1981) in  t h e  same
s p e c i e s  r e p o r t e d  t h a t  i n  autumn, among t h e  MI, aMT/ML s y n t h e ­
s i s  was t h e  m ost im p o r t a n t .
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In r e p t i l e s ,  the day-night synthesis  o f  5-methoxyindoles has been 
evaluated in the p inea l o f  the t o r to is e ,  Testudo hermanni Gmelin, using  
the technique o f  Balemans e t  a l .  (1978). Animals, maintained in a natu­
r a l  environment, were k i l l e d  every 4 hours during 24 hours, a t  d if feren t  
times o f  the seasonal reproductive c y c le  (July, October, January and 
A p r i l ) . When comparing the r e la t iv e  importance of  the d if feren t  5-  
methoxyindoles (MI) synthetized by the p ineal ( f ig .  1) i t  appears that  
ML i s ,  by fa r ,  the most abundantly MI synthetized in th is  sp ec ies .  Such 
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Fig. 1 : Percentage o f  the d i f fe r e n t  5-methoxyindoles synthetized in  
the pineal gland o f  the t o r t o i s e , Testudo hermanni, over a 
period o f  24 hours, a t  d i f fe r e n t  times o f  the annual repro­
ductive c y c le  (data o f  Vivien-Roels and Balanans) .
199
In cyclostcm es, day-night var ia t ions  in the synthesis  o f  MI have 
been reported in the lamprey, Lampetra p la n e r i , k i l l e d  in October 
(Meiniel e t  a l . ,  1983) . In t h i s  species  MT appears to  be q u an tita t ive ly  
the  most important MI (60 % o f  the  d i f fe r e n t  MI), aMT representing only  
2.8 %. Day-night var ia t ion s  o f  synthesis  are only reported for MT and 
aML, aML being synthetized during day-time and MT at the beginning o f  
the dark period.
When comparing the d i f fe r e n t  r e su lt s  obtained in  the d i f fe r e n t  
species  and in  d if fe r e n t  seasons, i t  appears that  the r e la t iv e  impor­
tance o f  the d i f fe r e n t  MI synthetized by the p in ea l ,  as w ell  as the  
d if feren t  diurnal rhythms vary considerably from one species  to  another, 
suggesting that not only melatonin, but a lso  other MI may be o f  
physio log ica l importance.
In the species  where i t  has been in vest iga ted , seasonal var iations  
in the day-night synthesis  o f  MI are present, showing temporal r e la ­
tionships with the annual changes in  daylength and environmental tem­
perature as w ell  as with the seasonal reproductive c y c le ,  suggesting  
that not only melatonin, but a lso  other MI could be implicated in  
mediating the e f f e c t s  o f  environmental factors on seasonal reproduction. 
Experimental in vest iga tion s  on the  e f f e c t s  o f  d i f fe r e n t  MI on seasonal 
gonadal a c t iv i t y  are now needed to  t e s t  such a hypothesis (see :
Pévet 1983) .
To date, data concerning the influence o f  indole der ivatives  
in mediating the e f f e c t s  o f  environmental factors  on seasonal repro­
duction in  non-mammalian vertebrates are e s s e n t ia l ly  lim ited  to  
melatonin.
MELATONIN AND SEASONAL REPRODUCTION IN NON-MAMMALIAN
VERTEBRATES.
T here a r e  now s e v e r a l  d a ta  in  t h e  l i t e r a t u r e ,  r e p o r t i n g  
t h a t  t h e  p i n e a l  g la n d  o f  non-mairunalian v e r t e b r a t e s  i s  in v o l v e d  
in  lo n g  term  a d a p t a t i o n  o f  s e a s o n a l  r e p r o d u c t i o n  and t h a t  me­
l a t o n i n  may be i m p l i c a t e d  i n  t h i s  phenomenon ( r e f .  i n  R a lp h ,  
1978 ,  De Vlam ing and O l c e s e ,  1 9 8 1 ,  V i v i e n - R o e l s  and P é v e t ,
1983) .
In  f i s h e s ,  t h e  e f f e c t s  o f  m e la t o n in  i n j e c t i o n s  on s e a s o ­
n a l  g o n a d a l  a c t i v i t y  have  b een  s t u d i e d  in  v a r i o u s  s p e c i e s  and 
have b een  r e c e n t l y  r e v ie w e d  by De V lam ing and O l c e s e  ( 1 9 8 1 ) .
On t h e  b a s i s  o f  t h e  f a c t  t h a t  in  many f i s h e s ,  t h e  e f f e c t  o f  
m e la t o n in  a p p e a r s  t o  be  p h o t o p e r i o d - d e p e n d e n t ,  and t h a t  a t  a 
g i v e n  p h o t o p e r io d  t h e  e f f e c t s  on gon ad s  may v a r y  w i t h  t h e  t im e  
o f  t h e  y e a r ,  t h e s e  a u t h o r s  s u g g e s t e d  t h a t  i n  f i s h e s  " m e la to n in  
m e d ia t e s  t h e  g o n a d a l  r e g r e s s i v e  e f f e c t  o f  d e c l i n i n g  d a y le n g t h  
d u r in g  l a t e  summer, t h e  i n h i b i t o r y  e f f e c t s  o f  s h o r t  d a y l e n g t h s  
d u r in g  f a l l  and w i n t e r ,  a n d /o r  r e t a r d s  r a p id  g o n a d a l  grow th  in  
d a y le n g t h  i s  i n c r e a s i n g " .  In  t h e  t h r e e - s p i n e d  s t i c k e l b a c k ,  
G a s t e r o s t e u s  a c u l e a t u s , Borg and Ekström  (1981) , i n v e s t i g a t e d  
t h e  e f f e c t s  o f  m e la t o n in  i n j e c t i o n s  on m ale  and f e m a le  s e x u a l  
m a t u r a t io n  d u r in g  d i f f e r e n t  s e a s o n s ;  h ig h  d o s e s  o f  m e la t o n in  
e x c e r t e d  a n t i g o n a d a l  e f f e c t s  in  m a le s  and f e m a le s  in  w i n t e r ,  
a t  h ig h  t e m p e r a t u r e ,  w h i l e  a s l i g h t  p r o g o n a d a l  e f f e c t  was r e ­
p o r t e d  in  f e m a le s  w i t h  low  m e la t o n in  d o s e s  a t  t h e  end o f  t h e  
b r e e d in g  s e a s o n .
In  am p h ib ia n s  m o st  s t u d i e s  c o n c e r n in g  t h e  e f f e c t s  o f  me­
l a t o n i n  i n j e c t i o n s  d id  n o t  s p e c i f y  p h o t o p e r i o d i c  o r  t e m p e r a tu ­
r e  c o n d i t i o n s ,  t im e  o f  t h e  y e a r ; o r  i n j e c t i o n  t im e  ( r e f .  in  De 
Vlam ing and O l c e s e ,  1 9 8 1 ) .  R e c e n t ly  D e lgad o  e t  a l . (1983) r e ­
p o r t e d  t h a t  m e la t o n in  i n j e c t e d  a t  t h e  b e g i n i n g  o f  t h e  dark  
p h a se  in d u c e d  a s i g n i f i c a n t  r e g r e s s i o n  o f  t h e  gon ad s  in  fe m a le  
f r o g s ,  Rana r i d i b u n d a , h ou sed  in  lo n g  p h o t o p e r io d  (18L-6D) and 
h ig h  te m p e r a tu r e  i n  November. S i m i l a r  r e s u l t s  had b een  p r e ­
v i o u s l y  o b t a i n e d  in  t h e  f r o g ,  H yla  c i n e a r e a , show ing  i n h i b i t i n g  
e f f e c t s  o f  m e la t o n in  i n j e c t i o n s  i n  w i n t e r ,  i n  lo n g  p h o t o p e r io d  
(16L-8D) and h ig h  t e m p e r a tu r e .
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In  r e p t i l e s ,  m ost  r e s u l t s  have  b een  o b t a i n e d  by H a ld a r -  
M isra  and T h a p l i y a l  (1 9 8 l a , b ) i n  t h e  l i z a r d ,  C a l o t e s  v e r s i c o l o r .  
In t h i s  s p e c i e s  m e la t o n in  i n j e c t i o n s  i n  l a t e  a f t e r n o o n  i n h i b i t  
t h e  g o n a d a l  a c t i v i t y  d u r in g  t h e  p r o g r e s s i v e ,  r e p r o d u c t i v e  and  
e a r l y  r e g r e s s i o n  p h a s e s .  S i m i l a r  r e s u l t s  had b een  p r e v i o u s l y  
r e p o r t e d  i n  a n o t h e r  l i z a r d ,  C a l l i s a u r u s  d r a c o n o i d e s  (Packard  
and P a c k a r d ,  1977) . A l s o  Underwood (1981) , i n  A n o l i s  c a r o l i -  
n e n s i s , d e m o n s tr a te d  a s e a s o n a l l y  d e p e n d e n t  e f f e c t  o f  m e la t o n in  
i n j e c t i o n s  on t h e  p h o t o p e r i o d i c  g o n a d a l  r e s p o n s e  i n  t h i s  s p e ­
c i e s .  P r e l i m i n a r y  r e s u l t s  o b t a i n e d  i n  t h e  t o r t o i s e ,  T e s tu d o  
h e r m a n n i , m a in t a in e d  i n  a n a t u r a l  e n v ir o n m e n t  show t h a t  s u b ­
c u t a n e o u s l y  m e l a t o n i n  " s i l a s t i c "  c a p s u l e s  im p la n te d  in  J u l y ,  
d u r in g  t h e  p e r io d  o f  s e x u a l  a c t i v i t y ,  in d u c e d  a f t e r  s i x  w eeks  
a d e c r e a s e  o f  b o th  t h e  g o n a d o - s o m a t ic  in d e x  and c i r c u l a t i n g  
t e s t o s t e r o n e  c o n c e n t r a t i o n s  ( V i v i e n - R o e l s , u n p u b l i s h e d  d a t a ) .
D ata  c o n c e r n in g  e f f e c t s  o f  m e la t o n in  on s e a s o n a l  r e p r o ­
d u c t i o n  i n  b i r d s  a r e  r e l a t i v e l y  s c a r c e .  A r e c e n t  r e v ie w  o f  
R alph (1981) c o n c e r n in g  t h e  r o l e  o f  p i n e a l  g la n d  i n  a v ia n  r e ­
p r o d u c t io n  showed t h a t  r e s u l t s  w ere  v e r y  i n c o n s i s t e n t ;  b u t  
m ost  d a ta  c o n c e r n  c h i c k e n s ,  q u a i l s  o r  d u ck s  w h ic h  a r e  h i g h l y  
d o m e s t i c a t e d  s p e c i e s .  N e v e r t h e l e s s  in  a s e r i e s  o f  e x p e r im e n t s  
i n  w h i t e  l e g h o r n  c h i c k e n s ,  B alem ans e t  a l . (1 9 7 7 a , b) i t  has  
b een  r e p o r t e d  t h a t  m e l a t o n i n  i s  g e n e r a l l y  i n h i b i t o r y  f o r  s e x u a l  
d e v e lo p m e n t ,  w h i l e  ML was r e p o r t e d  t o  be  s t i m u l a t o r y  t o  s e x u a l  
d e v e lo p m e n t  in  j u v e n i l e  c h i c k e n s  b u t  i n h i b i t o r y  i n  m a tu r in g  or  
a d u l t  c h i c k e n s .
As in  mammals ( r e f .  i n  R e i t e r  1981b , Hoffmann 1981) , i n  
non-mammalian v e r t e b r a t e s ,  m e la t o n in  e f f e c t s  a p p ea r  t o  be  d e ­
p e n d e n t  on t h e  s p e c i e s ,  t h e  s e a s o n  and t h e  e n v ir o n m e n t a l  c o n ­
d i t i o n s  t o  w h ich  a n im a ls  a r e  e x p o s e d .  In  some s p e c i e s ,  a s  
r e c e n t l y  s u g g e s t e d  by R alph (1983) " the  m o d u la t io n  o f  t h e  
d a i l y  p a t t e r n  o f  m e l a t o n i n  s e c r e t i o n  a c r o s s  t h e  s e a s o n  by 
p h o t o p e r i o d s  o f  p r o g r e s s i v e l y  c h a n g in g  d u r a t i o n s  may b e  u s e d  
by many v e r t e b r a t e s  t o  c u e  a n n u a l  e v e n t s " .  In  o t h e r  s p e c i e s ,  
su ch  a s  t h e  t o r t o i s e  f o r  ex a m p le ,  m e l a t o n i n  c o u ld  b e  i m p l i c a t e d  
i n  t h e  m e d i a t i o n  o f  t e m p e r a tu r e  e f f e c t s  on s e a s o n a l  r e p r o d u c ­
t i o n  .
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CONCLUSION AND OUTLOOK
From t h e  d i f f e r e n t  d a ta  o b t a i n e d  in  v a r i o u s  s p e c i e s ,  i t  
a p p e a r s  c l e a r l y  t h a t ,  a s  i n  mammals, i n  non-mammalian v e r t e b r a ­
t e s ,  t h e  p i n e a l  g la n d  i s  i n v o l v e d  i n  t h e  i n t e g r a t i o n  o f  e n v i ­
r o n m en ta l  f a c t o r s  su ch  a s  p h o t o p e r io d  and e n v ir o n m e n t a l  tem p e­
r a t u r e ,  and t h a t  v a r i o u s  i n d o l e  d e r i v a t i v e s  may be i m p l i c a t e d  
i n  su c h  ph en om en on s.
N e v e r t h e l e s s ,  a s  o f t e n  t h e  c a s e ,  when o v e r v ie w in g  t h e  
l i t e r a t u r e ,  a l l  t h e s e  r e s u l t s  r a i s e  many q u e s t i o n s .
I t  h as  b een  r e c e n t l y  s u g g e s t e d  by P é v e t  and H a ld a r -M isr a  
( 1 9 8 2 ) ,  P é v e t ( 1 9 8 3 ) ,  t h a t  " a l l  m e t h o x y i n d o l e s " -an d  p r o b a b ly  
a l s o  h y d r o x y i n d o l e s - " c o u ld  be i m p l i c a t e d  i n  a s y s t e m  e n a b l i n g  
t h e  p i n e a l  and some o t h e r  s t r u c t u r e s  o f  t h e  b r a i n ,  t o  p e r c e i v e ,  
t o  d i f f e r e n c i a t e  and t o  i n t e g r a t e  e n v ir o n m e n t a l  f a c t o r s " .
( s e e  a l s o  P é v e t  t h i s  v o l u m e ) .
I f  t h e  d i f f e r e n t  i n d o l e  d e r i v a t i v e s  a r e  i m p l i c a t e d  in  t h e  
i n t e g r a t i o n  o f  a g i v e n  f a c t o r  o r  n o t  has  now t o  be  a n sw e r e d .  To 
d a t e ,  i t  i s  w e l l -k n o w n  t h a t  m e l a t o n i n ,  w h ich  h a s  b een  t h e  m ost  
s t u d i e d  compound, i s  d e e p l y  i m p l i c a t e d  i n  c o n v e y in g  p h o t o p e r i o -  
d i c  i n f o r m a t i o n ,  b u t  i n  some s p e c i e s ,  e s p e c i a l l y  p o i k i l o t h e r m s , 
m e la t o n in  a l s o  i s  a b l e  t o  i n t e g r a t e  v a r i a t i o n s  i n  e n v ir o n m e n ta l  
t e m p e r a t u r e .  A l s o  r e c e n t  r e s u l t s  o f  Semm e t  a l . ( 1 9 8 2 )  r e p o r t e d  
t h a t  i n  t h e  r a t ,  t h e  a c t i v i t y  o f  NAT and c o r r e s p o n d i n g l y  o f  t h e  
m e la t o n in  c o n t e n t  o f  t h e  p i n e a l  g la n d  d u r in g  n i g h t  w ere  s t r o n g ­
l y  d e p r e s s e d  f o l l o w i n g  t h e  e x p o s u r e  t o  an a l t e r e d  m a g n e t ic  
f i e l d .
On t h e  o t h e r  hand, m e la t o n in  i s  known t o  be  a l s o  p r e s e n t  
i n  t h e  r e t i n a  o f  v a r i o u s  v e r t e b r a t e s  (Bubenik  e t  a l . 1 9 7 4 ,  
V i v i e n - R o e l s  e t  a l . 1981) and h as  r e c e n t l y  b een  d e m o n s tr a te d  in  
i n v e r t e b r a t e ' s  e y e s  ( V i v i e n - R o e l s  e t  a l . 1 9 8 4 ) .
T h is  r a i s e s  t h e  q u e s t i o n  o f  t h e  p h y s i o l o g i c a l  s i g n i f i c a n c e  o f  
m e l a t o n i n .  As s u g g e s t e d  by Gern and Karn (1983) " m e la to n in  s y n ­
t h e s i s  a p p e a r s  a s  a common a t t r i b u t e  o f  c i l i a t e  p h o t o r e c e p t o r  
c e l l s  and may b e  a f a i r l y  c o n s i s t e n t  p h y l o g e n e t i c  f e a t u r e . . T h e  
n o c t u r n a l  p u l s e  o f  m e la t o n in  w ould  be  i d e a l  f o r  d a i l y  o r  a n n u a l  
t i m i n g  f u n c t i o n s "  su c h  a s  s e a s o n a l  r e p r o d u c t i o n  f o r  e x a m p le .  In  
su c h  a c o n c e p t ,  t h e  d u r a t i o n  o f  t h e  n i g h t  r i s e  in  p i n e a l
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m e la t o n in  c o u ld  be  c o n t r o l l e d  by p h o t o p P r io d ,  w h i l e  i t s  a m p l i ­
tu d e  c o u ld  be  c o n t r o l l e d  by o t h e r  f a c t o r s  su ch  t e m p e r a t u r e ,  
m a g n e t ic  f i e l d ,  r a i n f a l l . . .C o m p a r a t iv e  i n v e s t i g a t i o n s  a r e  now 
n eed ed  t o  t e s t  su c h  an h y p o t h e s i s .
In  a d d i t i o n  t o  m e l a t o n i n ,  t h e  p h y s i o l o g i c a l  im p o r ta n c e  o f  
t h e  o t h e r  i n d o l e  d e r i v a t i v e s ,  su ch  a s  s e r o t o n i n ,  MT o r  ML has  
a l s o  t o  be  i n v e s t i g a t e d  i n  t h e  n ea r  f u t u r e .  The r e c e n t  d e v e l o p ­
ment o f  new t e c h n i q u e s  su ch  a s  HPLC w i t h  e l e c t r o c h e m i c a l  d e ­
t e c t i o n ,  o r  GCMS w i l l  be h e l p f u l l  i n  s t u d y i n g  t h e s e  com pounds.
To d a t e ,  many q u e s t i o n s  rem ain  s t i l l  o p e n ,  b u t  i t  a p p e a r s  
n e v e r t h e l e s s  t h a t  t h e  p i n e a l  g la n d  o f  v e r t e b r a t e s  i s  p r im ary  
c o n c e r n e d  w i t h  t h e  s y n c h r o n i z a t i o n  o f  c e n t r a l  f u n c t i o n s ,  su ch  
a s  s e a s o n a l  r e p r o d u c t io n  f o r  ex a m p le ,  w i t h  c h a n g e s  in  e n v i r o n ­
m e n ta l  c o n d i t i o n s .  C om p arat ive  f i e l d  s t u d i e s  i n  a n im a ls  l i v i n g  
i n  d i f f e r e n t  e c o l o g i c a l  c o n d i t i o n s  and l a b o r a t o r y  s t u d i e s  in  
a n im a ls  m a in t a in e d  in  e x p e r im e n t a l  c o n d i t i o n s  o f  e n v ir o n m e n t a l  
f a c t o r s  a r e  now n e e d e d  t o  c l a r i f y  t h e  m echanism s by w h ich  t h e  
p i n e a l  g la n d  and t h e  i n d o l e  d e r i v a t i v e s  i n t e g r a t e  and m e d ia t e  
t h e  e f f e c t  o f  e n v ir o n m e n t a l  f a c t o r s .
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INTRODUCTION
In many mammals t h e r e  i s  an a n n u a l  c y c l e  i n  r e p r o d u c t i o n  and in  
o t h e r  f u n c t i o n s  whic h i s  r e g u l a t e d  by p h o t o p e r i o d ,  i . e .  by t h e  
l e n g t h  o f  t h e  d a i l y  l i g h t  p e r i o d  and i t s  s e a s o n a l  c h a n g e s  ( H o f f ­
mann 1 9 8 1 a ) .  I t  ha s  be en shown i n  s e v e r a l  s p e c i e s  t h a t  t h e  p i ­
n e a l  g l a n d  i s  i n v o l v e d  i n  c o n v e y i n g  t h e  p h c t o p e r i o d i c  m ess age  
o n t o  t h e  n e u r o e n d o c r i n e  a x i s .  On t h e  b a s i s  o f  t h e  e v i d e n c e  a v a i ­
l a b l e  a t  t h e  t im e  o f  t h e  l a s t  m e e t i n g  o f  t h i s  s o c i e t y ,  t h e  hypo­
t h e s i s  was adv anc ed  t h a t  t h e  t e m p o r a l  p a t t e r n  o f  p i n e a l  m e l a t o ­
n i n  s y n t h e s i s  and r e l e a s e  i s  an i n t e g r a l  p a r t  o f  t h i s  mechanism  
(Hoffmann,  1 9 8 1 b ) .  In  t h e  meant i me,  more e v i d e n c e  has  been pub­
l i s h e d  whic h s t r o n g l y  s u p p o r t s  t h i s  h y p o t h e s i s .  M or eover ,  a d d i ­
t i o n a l  d a t a  have  be en  p r o v i d e d  which s u p p o r t  t h e  v ie w  t h a t  t h e  
p i n e a l  n ot  o n l y  c o n v e y s  i n h i b i t o r y  i n f l u e n c e s ,  bu t  a l s o  p a r t i c i ­
p a t e s  i n  r e l a y i n g  s t i m u l a t o r y  e f f e c t s  o f  p h o t o p e r i o d .  In  two  
mammalian s p e c i e s  t h e r e  i s  s o l i d  e v i d e n c e  t h a t  m e l a t o n i n  i s  i n ­
v o l v e d  i n  b o th  t h e  i n h i b i t o r y  a s  w e l l  a s  t h e  s t i m u l a t o r y  a c t i o n  
o f  p h o t o p e r i o d .  T h i s  e v i d e n c e  w i l l  be d i s c u s s e d .  In a d d i t i o n ,  
some i n f o r m a t i o n  c o n c e r n i n g  t h e  d e t a i l s  o f  t h e  p h o t o p e r i o d i c  
a c t i o n  which ha ve  o n l y  r e c e n t l y  been o b s e r v e d  w i l l  a l s o  be p r e ­
s e n t e d .  S i n c e  a s u b s t a n t i a l  p a r t  o f  r e c e n t  p r o g r e s s  ha s  been  
a c h i e v e d  i n  work w i t h  t h e  D j u n g a r i a n  h a m s te r  (Phodopus  s u n g o -  
r u s ) ,  e x p e r i m e n t s  u s i n g  t h i s  s p e c i e s  w i l l  m a i n l y  be p r e s e n t e d ,  
and w i l l  l a t e r  be compared w i t h  r e s u l t s  o b t a i n e d  i n  o t h e r  pho­
t o p e r i o d i c  mammals.
THE PHOTOPERIODIC SIGNAL
While  t h e r e  a r e  many r e p o r t s  showing t h e  e f f e c t s  o f  l o n g  and 
s h o r t  p h o t o p e r i o d s  in  d i f f e r e n t  s p e c i e s  o f  mammals, r e l a t i v e l y  
l i t t l e  i s  known ab ou t  what d i s t i n g u i s h e s  t h e s e  two e x t e r n a l  s i g ­
n a l s  t h a t  have  o p p o s i t e  e f f e c t s .  Only in  two h a m st er  s p e c i e s  
e x p e r i m e n t s  i n v e s t i g a t i n g  t h i s  q u e s t i o n  ha ve  b e e n  p e r f o r m e d .  In  
t h e  g o l d e n  h a m st er  a marked ' c r i t i c a l '  p h o t o p e r i o d  o f  12 1 / 2  h 
o f  l i g h t  p e r  day ha s  been  d e s c r i b e d ,  f i r s t  by G a s t o n  and Menaker  
(1 9 6 7 )  and l a t e r ,  w i t h  more d a t a ,  by E l l i o t t  ( 1 9 7 4 ,  1 9 7 6 ) .  S h o r ­
t e r  p h o t o p e r i o d s  in d u ced  g o n a d a l  r e g r e s s i o n  or  m a i n t a i n e d  th e  
r e g r e s s e d  s t a t e ,  l o n g e r  p h o t o p e r i o d s  c a u s e d  r a p i d  r e c r u d e s c e n c e
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or  m a i n t a i n e d  t h e  a c t i v e  s t a t e  o f  g o n a d s .  The c r i t i c a l  p h o t o ­
p e r i o d  was i n d e p e n d e n t  o f  t h e  p r e v i o u s  l i g h t  reg i m e  or  o f  go n a ­
d a l  s t a t e .
In  young D j u n g a r i a n  h a m s t e r s  35 d a y s  o l d ,  a s i m i l a r  c r i t i c a l  
p h o t o p e r i o d  was found a t  13 h o f  l i g h t  p e r  day (Hoffmann 1 9 8 2 a ) .  
In  a n i m a l s  t h a t  had been r a i s e d  in  l o n g  p h o t o p e r i o d s  and which  
had l a r g e  t e s t e s  a t  t h i s  a g e ,  p h o t o p e r i o d s  o f  be tw een 1 and 12 h 
o f  l i g h t  p e r  day in d u c e d  g o n a d a l  r e g r e s s i o n ,  w h i l e  p h o t o p e r i o d s  
w i t h  14 h o f  l i g h t  or  more f u r t h e r  s t i m u l a t e d  t e s t i c u l a r  growth  
( F i g .  l a ) .  At 13 h o f  l i g h t ,  r e g r e s s i o n  was o b s e r v e d  in  o n l y  
h a l f  o f  t h e  a n i m a l s .  In m a l e s  t h a t  had l i v e d  from b i r t h  in  s h o r t  
p h o t o p e r i o d s  and w h i c h ,  a c c o r d i n g l y ,  had s m a l l  and u n d e v e l o p e d  
t e s t e s  a t  35 d a y s  o f  a g e ,  45 da ys  o f  p h o t o p e r i o d s  b e tw e e n  1 and 
12 h o f  l i g h t  r f ia inta ined t h e  u n d e v e l o p e d  s t a t e  ( F i g .  l b ) .  P h o t o ­
p e r i o d s  b e tw een  14 and 16 h o f  l i g h t  f u l l y  s t i m u l a t e d  g o n a d a l  
g r o w t h .  At 13 h o f  l i g h t  p e r  d a y ,  t h e r e  was o n l y  some s t i m u l a ­
t i o n .  Thus ,  i n  g e n e r a l  t h e  p i c t u r e  r e s e m b le d  t h a t  found i n  a n i ­
m a ls  coming from l o n g  p h o t o p e r i o d s .  However,  t h e r e  was one  no­
t a b l e  d i f f e r e n c e :  Very  lo n g  p h o t o p e r i o d s ,  i . e .  20 h o f  l i g h t  or  
c o n s t a n t  l i g h t ,  were  s i g n i f i c a n t l y  l e s s  s t i m u l a t o r y  than p h o t o ­
p e r i o d s  w i t h  14 t o  16 h o f  l i g h t .
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F i g .  1 .  T e s t i s  w e i g h t  o f  young Phodopus t h a t  l i v e d  in  l o n g  (a)  
o r  s h o r t  (b) p h o t o p e r i o d s  f o r  t h e  f i r s t  35 d a y s  a f t e r  b i r t h ,  and 
were  th e n  m a i n t a i n e d  in  t h e  p h o t o p e r i o d s  i n d i c a t e d  f o r  a n o t h e r  
45 d a y s .  Each p o i n t  r e p r e s e n t s  t h e  mean + SEM o f  15 t o  19 a n i ­
m a l s .  IC = i n i t i a l  c o n t r o l  a t  a ge  3 5 .  Note  t h a t  t h e  ' c r i t i c a l '  
p h o t o p e r i o d  s e p a r a t i n g  s t i m u l a t o r y  from n o n - s t i m u l a t o r y  p h o t o ­
p e r i o d s  i s  t h e  same f o r  b o t h  p r e t r e a t m e n t s .  From Hoffmann 1 9 8 2 a .
Wh i le  t h e s e  r e s u l t s  i n  young Phodopus s u g g e s t e d  t h a t  t h e  c r i t i ­
c a l  p h o t o p e r i o d  i s  no t  s h i f t e d  by p r e v i o u s  l i g h t  c o n d i t i o n s ,  in  
o l d e r  a n i m a l s  a marked e f f e c t  o f  t h e  former s c h e d u l e  was found  
(Hoffmann 1 9 8 4 ) .  In f u l l y  a d u l t  m a le s  t h a t  had be en m a i n t a i n e d  
from b i r t h  i n  16 h o f  l i g h t  p e r  d a y ,  e x p o s u r e  t o  s h o r t e r  p h o t o ­
p e r i o d s  w i t h  14 t o  8 h o f  l i g h t  c a u s e d  g o n a d a l  r e g r e s s i o n  ( F i g .  
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Fig. 2. Testis weight response to various photoperiods in fully 
mature Djungarian hamsters. Top: Testis weight after 77 days of 
exposure; hamsters had been maintained before in LD 16:8 for at 
least 6 months (from birth). Bottom: Testis weight after 52 days 
of exposure; animals had been kept in LD 8:16 for 12 weeks be­
fore and had regressed testes at the onset of treatment. Mean + 
SEM of 10 animals/group. Black arrows indicate photoperiod at 
the start of the experiment. After Hoffmann 1984.
exposed to 8 h of light per day for 12 weeks, and then to photo­
periods with between 12 and 16 h of light, these schedules in­
duced recrudescence (Fig. 2b). These results show that in fully 
adult Djungarian hamsters the same photoperiod may be 'read' as 
long or short, depending on the previous light conditions. In
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addition, they also show some influence ot the absolute length 
of the light-time. In animals coming from short photoperiods, 
12 h of light stimulated significantly less than 14 or 16 h of 
light, i.e. the reaction was not all-or-none. Such results 
closely resemble those found in some bird species (Follet and 
Robinson 1980) and differ from those reported for the golden 
hamster.
P h o t op e r i od  T r ea tm en t
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Fig. 3. Testis weight response to 'skeleton' photoperiods in 
fully mature Djungarian hamsters. Top panel: Diagram of the 5 
photoperiodic schedules. One minute of light each night inter­
rupted the dark phase in groups A, B and C at the times indica­
ted by arrows. Left panel: Testis weight after 77 days of expo­
sure in hamsters previously maintained in long days (LD 16:8). 
Right panel: Testis weight after 46 days of exposure in animals 
previously maintained in short natural days (LD 8:16). IC = ini­
tial controls before exposure. Means + SEM of 10 animals/group. 
Compare with Fig. 2. From Hoffmann 1982b.
The photoperiodic system in hamsters is based on a circadian me­
chanism of sensitivity to light (Elliot 1974, 1976). In order to 
be effective, photoperiods need not to consist of uninterrupted 
light periods. In the Djungarian hamster, interruptions of the 
dark phase (skeleton photoperiods) may fully mimic the effects 
of complete photoperiods (Hoffmann 1979, 1982b). An example is 
given in Fig. 3. It shows the effects of interruptions of the
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dark p h a s e  by o n l y  1 m in u t e  o f  l i g h t  ea ch n i g h t .  The p i c t u r e  
f u l l y  r e s e m b l e s  t h e  r e s u l t s  i l l u s t r a t e d  i n  F i g .  2 .  I f  t h e  l o n g  
d a r k - t i m e  in  s h o r t  p h o t o p e r i o d s  i s  i n t e r r u p t e d  a t  m i d n i g h t ,  l e a ­
v i n g  o n l y  8 h o f  u n i n t e r r u p t e d  d a r k - t i m e ,  t h e  e f f e c t  i s  t h e  same 
a s  w i t h  l o n g  p h o t o p e r i o d s  ( LD 1 6 : 8 ) ;  i t  p r e v e n t s  r e g r e s s i o n  or  
i n d u c e s  r a p i d  r e c r u d e s c e n c e .  I f  t h e  dark i n t e r r u p t i o n  i s  l o c a t e d  
4 h a f t e r  l i g h t - o f f  or  4 h b e f o r e  l i g h t - o n ,  l e a v i n g  12 h o f  un­
i n t e r r u p t e d  d a r k - t i m e ,  t e s t e s  o f  h a m s t e r s  from l o n g  p h o t o p e r i o d s  
r e g r e s s ,  w h i l e  i n  a n im a l  coming from s h o r t  p h o t o p e r i o d s  t h e r e  i s  
r e c r u d e s c e n c e ,  thou gh s i g n i f i c a n t l y  l e s s  than when t h e  dark p e ­
r i o d  i s  i n t e r r u p t e d  a t  m i d n i g h t .  P e l a g e  c o l o r  and body w e i g h t  
show s i m i l a r  c h a n g e s  under  t h e s e  c o n d i t i o n s  (Hoffmann 1 9 8 2 b ) .  In  
t h e  g o l d e n  h a m s t e r ,  s i m i l a r l y ,  e f f e c t s  o f  v e r y  b r i e f  i n t e r r u p ­
t i o n s  o f  t h e  d a r k - t i m e  have  been r e p o r t e d  ( E l l i s  and F o l l e t  1 9 8 3 ,  
E a r n e s t  and Turek 1 9 8 4 ) .  As l i t t l e  as  250 m i l l i s e c o n d s  o f  l i g h t  
showed some e f f e c t .  Moreover ,  e x p o s i n g  th e  a n i m a l s  t o  b r i e f  
l i g h t  i n t e r r u p t i o n s  a s  i n f r e q u e n t l y  as  e v e r y  7 d a y s  had some 
e f f e c t ,  more f r e q u e n t  e x p o s u r e s  were more p o t e n t .
□=wp H=? B=sp 
%
+ +K K
(13) (13) (12) (15)
F i g .  4 .  P e l a g e  c o l o r  a f t e r  12 
weeks  i n  s h o r t  p h o t o p e r i o d s  
(LD 8 : 1 6 ) .  WP = w i n t e r  p e l a g e ,  
? = u n c e r t a i n ,  SP = summer 
p e l a g e .  Sh = s h a m - p i n e a l e c t o -  
m i z e d ,  Px = p i n e a l e c t o m i z e d , 
K = c a s t r a t e d .  Number o f  a n i ­
m a ls  in  b r a c k e t s .  Sh v e r s u s  Px 
d i f f e r  s i g n i f i c a n t l y  i n  b o t h ,  
g o n a d - i n t a c t  and c a s t r a t e d  
h a m s t e r s ,  p< 0 . 0 0 1 .  Hoffmann,  
u n p u b l i s h e d  e x p e r i m e n t s .
PINEAL GLAND AND MELATONIN IN THE DJUNGARIAN HAMSTER
I t  has  been shown i n  s e v e r a l  e x p e r i m e n t s  t h a t  in  t h e  D j u n g a r i a n  
h a m s t e r ,  as  in  t h e  g o l d e n  h a m s te r  and in  some o t h e r  r o d e n t s ,  p i -  
n e a l e c t o m y  p r e v e n t s  t h e  e f f e c t s  o f  e x p o s u r e  t o  s h o r t  p h o t o p e r i ­
od s  (Hoffmann 1 9 7 4 ,  1 9 7 7 ,  1 9 8 1 b ) .  T h i s  h o l d s  not  o n l y  f o r  t h e  
g o n a d a l  r e a c t i o n  but  a l s o  f o r  o t h e r  f u n c t i o n s  t h a t  a re  i n f l u ­
e n c e d  by p h o t o p e r i o d  (Hoffmann 1 9 7 7 ,  1 9 7 8 ) .  F i g .  4 g i v e s  the
r e s u l t s  o f  a r e c e n t  e x p e r i m e n t  on p e l a g e  c o l o r .  Ani m als  were
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e i t h e r  p i n e a l e c t o m i z e d  o r  s h a m - o p e r a t e d  b e f o r e  e x p o s u r e  t o  s h o r t  
p h o t o p e r i o d s .  P i n e a l e c t o m y  c o m p l e t e l y  p r e v e n t e d  t h e  cha ng e  i n t o  
w i n t e r  p e l t ,  w h i l e  most  o f  t h e  s h a m - o p e r a t e d  h a m s t e r s  changed  
c o l o r .  T h i s  h e l d  f o r  c a s t r a t e d  as  w e l l  as  f o r  g o n a d - i n t a c t  a n i ­
m a l s ,  whic h  shows t h a t  t h e  chang e  i n t o  w i n c e r  p e l a g e  i s  no t  a 
s e c o n d a r y  c o n s e q u e n c e  o f  g o n a d a l  c h a n g e s  br oug ht  about  by p h o t o -  
p e r i o d i c  m a n i p u l a t i o n .  Duncan and Goldman (1 9 8 4 )  r e c e n t l y  r e p o r ­
t e d  s i m i l a r  r e s u l t s .
1C Px Px
F i g .  5 .  T e s t i s  w e i g h t  r e s p o n s e  o f  f u l l y  mature  D j u n g a r i a n  ham­
s t e r s  a f t e r  47 d a y s  in  t h e  p h o t o p e r i o d i c  s c h e d u l e s  i n d i c a t e d .  
A n im al s  had l i v e d  in  s h o r t  p h o t o p e r i o d s  ( LD 8 : 1 6 )  f o r  3 months  
b e f o r e  and,  a t  t h e  b e g i n n i n g  o f  t h e  e x p e r i m e n t ,  had s m a l l  and 
r e g r e s s e d  t e s t e s  a s  i n d i c a t e d  by t h e  i n i t i a l  c o n t r o l s  ( I C ) .  Some 
o f  t h e  h a m s t e r s  were  p i n e a l e c t o m i z e d  (Px)  a t  t h i s  t i m e .  N o te  
t h a t  i n  i n t a c t  c o n t r o l s  t h e r e  i s  r a p i d  r e c r u d e s c e n c e  in  LD 1 6 : 8 ,  
no r e c r u d e s c e n c e  i n  LD 8 : 1 6  and m ode rate  r e c r u d e s c e n c e  i n  c o n ­
s t a n t  l i g h t  (LL) ,  w h i l e  p i n e a l e c t o m i z e d  a n i m a l s  a l s o  show mode­
r a t e  r e c r u d e s c e n c e  i n  bo th  p h o t o p e r i o d s .  10 t o  12 a n i m a l s  p er  
g r o u p .  V a l u e s  f o r  i n t a c t  h a m s t e r s  i n  LL and p i n e a l e c t o m i z e d  ham­
s t e r s  i n  b o t h  p h o t o p e r i o d s  do not  d i f f e r  s i g n i f i c a n t l y ,  but  ea ch  
o f  t h e s e  g r o u p s  d i f f e r s  from i n t a c t  a n i m a l s  in  LD 1 6 :8  ( p <  0 . 0 0 1  
i n  e v e r y  c a s e ) .  Hoffmann,  u n p u b l i s h e d  d a t a .
I n  t h e  D j u n g a r i a n  h a m s t e r  t h e r e  i s  a l s o  e v i d e n c e  t h a t  t h e  p i n e a l  
i s  i n v o l v e d ,  not  o n l y  i n  c o n v e y i n g  t h e  e f f e c t s  o f  s h o r t  p h o t o ­
p e r i o d s  t h a t  i n d u c e  g o n a d a l  r e g r e s s i o n  as  w e l l  a s  m o lt  i n t o  w in ­
t e r  p e l a g e ,  but  a l s o  in  t r a n s d u c i n g  t h e  e f f e c t s  o f  lo n g  p h o t o p e ­
r i o d s  w hi ch s t i m u l a t e  g o n a d a l  r e c r u d e s c e n c e  and i n d u c e  molt  back  
i n t o  summer p e l t  (Hofmann and K ü d e r l i n g  1 9 5 5 ,  1 9 7 7 ,  Brackmann 
and Hoffmann 1 9 7 7 ,  Hoffmann 1 9 7 8 ) .  The r e s u l t s  o f  a r e c e n t  e x p e ­
r im e n t  show ing t h e  p a r t i c i p a t i o n  o f  t h e  p i n e a l  i n  t h i s  p r o c e s s  
a r e  p r e s e n t e d  i n  F i g .  5 .  Ani m als  w h i c h  had p r e v i o u s l y  been main­
t a i n e d  i n  s h o r t  p h o t o p e r i o d s  and w h i c h ,  a c c o r d i n g l y ,  had r e -
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LD 16: 8 ----------------
LD 14:10----------------
LD 12:12 ----------------
LD 8 16 .....................
F i g .  6 .  D i u r n a l  rhythm o f  m e l a t o n i n  c o n t e n t  ( a b o v e )  and NAT a c ­
t i v i t y  (be lo w )  in  a d u l t  D j u n g a r i a n  h a m s t e r s  under  d i f f e r e n t  
p h o t o p e r i o d s .  P h o t o p e r i o d s  f o r  t h e  d i f f e r e n t  c u r v e s  a re  i n d i c a ­
t e d  b e l o w ,  d a r k - t i m e s  were c e n t e r e d  around m i d n i g h t  i n  e v e r y  
c a s e .  Ani m als  had l i v e d  under t h e s e  c o n d i t i o n s  f o r  a t  l e a s t  6 
w e e k s .  P o i n t s  g i v e  means (+ SEM) o f  4 ( l i g h t - t i m e ;  4 x 3  p i ­
n e a l s )  o r  5 ( d a r k - t i m e ;  5 x 2  p i n e a l s )  d e t e r m i n a t i o n s .  B a s e l i n e  
v a l u e s  o f  m e l a t o n i n  were  ab ou t  0 . 0 3  n g / p i n e a l ,  o f  NAT a c t i v i t y  
l o w e r  th an 0 . 0 1  n m o l / h / p i n e a l ,  i . e .  a t  t h e  l i m i t  o f  d e t e c t i o n .  
I l l n e r o v á ,  Hoffmann and V a n e c e k ,  u n p u b l i s h e d  d a t a .
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PHOTOPERIOD PERIOD OF HIGH 
MELATONIN (h)
PERIOD OF HIGH 
NAT ACTIVITY (h)
LD 16: 8 4 . 3 5 . 8
LD 1 4 : 1 0 7 . 5 7 . 5
LD 12 :1 2 9 . 3 1 0 . 0
LD 8 :1 6 1 0 . 7 1 0 . 7
T a b l e  1 .  Time o f  h i g h  m e l a t o n i n  c o n c e n t r a t i o n  (g 0 . 8  n g / p i n e a l )  
and o f  e l e v a t e d  NAT a c t i v i t y  (a 0 . 1  nmol /h  p i n e a l )  i n  d i f f e r e n t  





































NAT Activity (p moles h‘1/pineal)
F i g .  7 .  C o r r e l a t i o n  b e tw een  p i n e a l  NAT a c t i v i t y  and p i n e a l  m e la ­
t o n i n  c o n t e n t .  Each p o i n t  g i v e s  t h e  mean o f  4 or  5 d e t e r m i n a ­
t i o n s .  V a l u e s  from F i g .  6 ,  from d a t a  in  I l l n e r o v á  e t  a l .  1984  
and from o t h e r  e x p e r i m e n t s .
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g r e s s e d  t e s t e s  w ere  u s e d .  Some o f  t h e s e  a n i m a l s  were  p i n e a l e c t o ­
m i z e d .  In  i n t a c t  c o n t r o l s  t h e r e  was r a p i d  r e c r u d e s c e n c e  i n  l o n g  
p h o t o p e r i o d s ,  w h i l e  s h o r t  p h o t o p e r i o d s  p r e v e n t e d  g o n a d a l  d e v e ­
l o p m e n t .  In  p i n e a l e c t o m i z e d  a n i m a l s ,  on th e  o t h e r  hand,  t h e r e  
was some modest  r e c r u d e s c e n c e  r e g a r d l e s s  o f  p h o t o p e r i o d ,  but  i t  
was s i g n i f i c a n t l y  l e s s  th an i n  c o n t r o l s  i n  lo n g  p h o t o p e r i o d s .  
Moreove r ,  i n t a c t  a n i m a l s  in  c o n s t a n t  l i g h t  a l s o  showed o n l y  mo­
d e r a t e  r e c r u d e s c e n c e .  C o n s t a n t  l i g h t  i s  known t o  c o m p l e t e l y  su p­
p r e s s  t h e  n o c t u r n a l  r i s e  in  m e l a t o n i n  p r o d u c t i o n  and r e l e a s e .  
Thus ,  i n  g e n e r a l ,  a l l  m a n i p u l a t i o n s  t h a t  p r e v e n t e d  t h e  n o c t u r n a l  
e l e v a t i o n  o f  m e l a t o n i n  a l s o  p r e v e n t e d  t h e  e f f e c t  o f  p h o t o p e r i o d .
T he se  r e s u l t s  s u g g e s t  t h a t  in  Phodopus t h e  n o c t u r n a l  e l e v a t i o n  
o f  m e l a t o n i n  i s  n e c e s s a r y  f o r  t h e  t r a n s d u c t i o n  o f  p h o t o p e r i o d i c  
e f f e c t s ,  and t h a t  t h i s  p r o c e s s  i s  i n v o l v e d  i n  b o t h ,  t h e  i n h i b i ­
t o r y  a c t i o n  o f  s h o r t  p h o t o p e r i o d s  a s  w e l l  a s  t h e  s t i m u l a t o r y  e f ­
f e c t s  o f  l o n g  p h o t o p e r i o d s .  I n  t h i s  s p e c i e s ,  t h e  t e m p o r a l  p a t ­
t e r n  o f  p i n e a l  m e l a t o n i n  c o n t e n t  and o f  N - a c e t y l t r a n s f e r a s e  
(NAT) a c t i v i t y  r e f l e c t  t h e  l e n g t h  o f  t h e  p h o t o p e r i o d  ( F i g .  6 ) .  
E s p e c i a l l y  t h e  l e n g t h  o f  t im e  t h a t  l e v e l s  a r e  e l e v a t e d  a b ove  t h e  
low d a y t im e  v a l u e s  cha nge  w i t h  t h e  l e n g t h  o f  t h e  d a r k - t i m e  (Ta­
b l e  1 ) .  S i n c e  t h e  v a l u e s  f o r  b o th  f u n c t i o n s  measured run p a r a l ­
l e l ,  and s i n c e  t h e r e  i s  good c o r r e l a t i o n  b e tw e e n  p i n e a l  NAT a c ­
t i v i t y  and m e l a t o n i n  c o n t e n t  ( F i g .  7 ) ,  t h e  form er  can a l s o  be 
us ed t o  d e t e r m i n e  t h e  t e m p o r a l  p a t t e r n .  I n  e a r l i e r  e x p e r i m e n t s  
i t  was found t h a t  t h e  p a t t e r n  o f  NAT a c t i v i t y  was i n d i s t i n g u i s h ­
a b l e  i n  f u l l  l o n g  p h o t o p e r i o d s  and i n  s k e l e t o n  p h o t o p e r i o d s  t h a t  
mimicked t h e  e f f e c t  o f  l o n g  p h o t o p e r i o d s  on gona ds  and o t h e r  
f u n c t i o n s  (Hoffmann e t  a l .  1 9 8 1 ) .  Such f i n d i n g s  s t r o n g l y  s u g g e ­
s t e d  t h a t  t h e  t e m p o r a l  p a t t e r n  o f  p i n e a l  m e l a t o n i n  s y n t h e s i s  
and r e l e a s e  i s  e f f e c t i v e  i n  c o n v e y i n g  t h e  p h o t o p e r i o d i c  m e s s a g e  
t o  t h e  n e u r o e n d o c r i n e  a x i s .  They a l s o  i n d i c a t e d  t h a t  t h e  d u ra ­
t i o n  o f  e l e v a t e d  m e l a t o n i n  l e v e l s  might  be t h e  most  im p o r t a n t  
f a c t o r .
D i r e c t  e v i d e n c e  f o r  t h i s  h y p o t h e s i s  ha s  r e c e n t l y  been  p r o v i d e d  
by C a r t e r  and Goldman ( 1 9 8 3 a ,  b) i n  a s e r i e s  o f  e l e g a n t  e x p e r i ­
m e n t s .  They us ed  young D j u n g a r i a n  h a m s t e r s  from a b r e e d i n g  c o ­
l o n y  t h a t  was d e r i v e d  from our  s t o c k .  Some o f  t h e  r e s u l t s  a r e  
g i v e n  i n  F i g .  8 .  Young m a l e s  t h a t  had been m a i n t a i n e d  in  l o n g  
p h o t o p e r i o d s  from b i r t h  were  p i n e a l e c t o m i z e d  and t h e n  i n f u s e d  
d a i l y  w i t h  m e l a t o n i n  ( F i g .  8 ,  a b o v e ) .  I f  m e l a t o n i n  was i n f u s e d  
f o r  12 h p e r  d a y ,  t h i s  t r e a t m e n t  in d u c e d  g o n a d a l  r e g r e s s i o n ,  s i ­
m i l a r  t o  t h e  a c t i o n  o f  s h o r t  p h o t o p e r i o d s  in  i n t a c t  a n i m a l s .  
However,  i f  t h e  same amount was i n f u s e d  f o r  o n l y  4 h a day i t  
s t i m u l a t e d  g o n a d a l  g r o w t h ,  a s  d i d  l o n g  p h o t o p e r i o d s  in  i n t a c t  
a n i m a l s .  In  a f u r t h e r  s e t  o f  e x p e r i m e n t s ,  a n i m a l s  were  r e a r e d  
i n  s h o r t  p h o t o p e r i o d s  and,  a c c o r d i n g l y ,  had u n d e v e l o p e d  t e s t e s  
( F i g .  8 ,  b e l o w ) .  When su ch  h a m s t e r s  were  p i n e a l e c t o m i z e d ,  i n f u ­
s i o n  o f  m e l a t o n i n  f o r  4 h e a c h  day in d u c e d  g o n a d a l  g r o w t h ,  w h i l e  
i n f u s i o n  f o r  12 h m a i n t a i n e d  t h e  u n d e v e l o p e d  s t a t e .  A ga in  t h e  
i n f u s i o n s  i n  p i n e a l e c t o m i z e d  h a m s t e r s  mimicked t h e  a c t i o n  o f  
p h o t o p e r i o d  i n  i n t a c t  a n i m a l s .
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Fig. 8. Testis weight of young Phodopus after 12 days of daily 
infusion with melatonin. Animals were raised in long (above) or 
short (below) photoperiods and pinealectomized (Px) at 18 
(above) or 23 (below) days of age and then exposed to the sche­
dules indicated. Note inhibitory effect of 12 h infusion per day 
and stimulatory effect of 4 h infusion. I = intact controls 
without infusion. N = 9-12 per group. After values in Carter and 
Goldman (1983a, b).
In  g e n e r a l ,  t h e  e f i n d i n g s  c l e a r l y  show t h a t  t h e  l e n g t h  o f  t i m e  
h i g h  m e l a t o n i n  l e v e l s  a r e  p r e s e n t  i s  t h e  d e c i s i v e  s i g n a l .  They  
a l s o  show t h a t  t h e  same hormone, m e l a t o n i n ,  may e i t h e r  i n d u c e  
g o n a d a l  grow th o r  g o n a d a l  r e g r e s s i o n ,  d e p e n d i n g  on i t s  t e m p o r a l  
p a t t e r n .  On t h e  o t h e r  hand,  t h e  r e a c t i o n  w a s ,  o v e r  a w i d e  r a n g e ,
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i n d e p e n d e n t  o f  t h e  a b s o l u t e  amount o f  m e l a t o n i n  a p p l i c a t i o n .  
Long t i m e s  o f  i n f u s i o n  had t h e  same e f f e c t s  in  c o n c e n t r a t i o n s  
v a r y i n g  o v e r  two o r d e r s  o f  m a g n i t u d e .  The same h o l d s  f o r  s h o r t  
t i m e s  o f  i n f u s i o n .
F i g .  8 p r e s e n t s  o n l y  some o f  t h e  many e x p e r i m e n t s  pe r fo r m e d  by 
C a r t e r  and Goldman. Some a d d i t i o n a l  f e a t u r e s  s h o u l d  be men­
t i o n e d .  M e l a t o n i n  i n f u s i o n s  were a lw a y s  pe r fo r m e d  at  t h e  same 
t im e  o f  day in  t h e s e  e x p e r i m e n s ,  o r i g i n a l l y  at  n i g h t  when,  in  
i n t a c t  a n i m a l s ,  m e l a t o n i n  l e v e l s  a re  h i g h .  However,  when i n f u ­
s i o n s  were p er form ed  d u r in g  t h e  day r a t h e r  than d u r i n g  t h e  
n i g h t ,  t h e  same r e s u l t s  e n s u e d .  T h i s  s u g g e s t s  t h a t  no c i r c a d i a n  
rhythm o f  s e n s i t i v i t y  t o  m e l a t o n i n  seems t o  be i n v o l v e d  i n  t h i s  
mechanism.
Phodopus sunqorus
Photop. : short long LL/Px
Mel.patt.: -n_ -n — —
Inhibit. : 0 — —
Stimul. : — Ú —
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I f  one  c o n s i d e r s  t h e  r e s u l t s  o f  a l l  t h e  e x p e r i m e n t s  m en t io n ed  
h e r e  t h e  f o l l o w i n g  scheme f o r  t h e  p i n e a l  mechanism c o n v e y i n g  t h e  
p h o t o p e r i o d i c  m e s s a g e  can be c o n s t r u c t e d  ( F i g .  9 ) .  S h o r t  p h o t o ­
p e r i o d s ,  by t h e  e x t e n d e d  p a t t e r n  o f  h i g h  m e l a t o n i n  l e v e l s ,  are  
i n h i b i t o r y .  They i n d u c e  g o n a d a l  r e g r e s s i o n  or  m a i n t a i n  t h e  r e ­
g r e s s e d  s t a t e  ( u n t i l  s p o n t a n e o u s  r e c r u d e s c e n s e  s e t s  in  as  o c ­
c u r s  i n  a n i m a l s  m a i n t a i n e d  i n  s h o r t  p h o t o p e r i o d s  f o r  e x t e n d e d  
t i m e s  = p h o t o r e f r a c t o r i n e s s ) .  Long p h o t o p e r i o d s ,  by th e  r e l a ­
t i v e l y  b r i e f  n o c t u r n a l  e l e v a t i o n s  o f  m e l a t o n i n ,  a r e  s t i m u l a t o r y ,  
t h e y  i n d u c e  f a s t  g o n a d a l  d e v e l o p m e n t .  I f  t h e  n o c t u r n a l  i n c r e a s e  
i s  a b o l i s h e d ,  e i t h e r  by p i n e a l e c t o m y  or  by e x p o s u r e  t o  c o n t i ­
nuous  l i g h t ,  t h e r e  i s  n e i t h e r  s t i m u l a t i o n  nor i n h i b i t i o n .  In  
t h i s  c a s e ,  l a r g e  t e s t e s  remain  l a r g e  and a c t i v e ,  s m a l l  t e s t e s  
show some d e v e l o p m e n t ,  but  i t  i s  much l e s s  than t h e  growth i n ­
duced by l o n g  p h o t o p e r i o d s .  T h i s  scheme i s  c e r t a i n l y  somewhat
F i g .  9 .  T h e o r e t i c a l  scheme f o r  m e l a t o n i n  a c t i o n  in  t h e  p h o t o -  
p e r i o d i c  mechanism o f  t h e  D j u n g a r i a n  h a m s t e r .  LL = c o n t i n u o u s  
l i g h t ,  Px = p i n e a l e c t o m y . For f u r t h e r  e x p l a n a t i o n  s e e  t e x t .
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oversimplified, and will have to be modified with further ex­
perimentation. At present, however, it seems to best fit the 
solid data on the role of the pineal gland in the photoperiodic 
mechanism of the Djungarian hamster. It should also be mentioned 
that there are indications that the same scheme also holds for 
mechanism of photoperiodic action on other functions like body 
weight and pelage color.
COMPARISON WITH OTHER SPECIES
The question arises whether the scheme for pineal function and 
melatonin action developed for the Djungarian hamster can be 
extended to other photoperiodic species. It can first be stated 
that in practically all photoperiodic mammals investigated in 
this respect, the pineal gland is involved in transducing the photoperiodic message. At least in some of them there is also evidence that pineal melatonin synthesis and release is involved 
in this process. However, there seem to be marked species dif­
ferences in the details of the mechanism.
In s h e e p ,  t h e r e  i s  c o n v i n c i n g  e v i d e n c e  t h a t  h e r e ,  a l s o ,  the  
l e n g t h  o f  t im e  m e l a t o n i n  l e v e l s  a r e  e l e v a t e d  abov e  t h e  low da y­
t i m e  v a l u e s  i s  t h e  e f f e c t i v e  s i g n a l  from t h e  p i n e a l  g l a n d .  An 
i n f l u e n c e  o f  e x t e n d e d  t i m e s  o f  h i g h  m e l a t o n i n  v a l u e s  was f i r s t  
s u g g e s t e d  by Kennaway e t  a l .  (1 9 8 2 )  and l a t e r  c o n v i n c i n g l y  d e ­
m o n s t r a t e d  by Arendt  e t  a l .  ( 1 9 8 3 ) .  R e c e n t l y ,  in  a s e t  o f  e l e ­
g a n t  e x p e r i m e n t s  u s i n g  p i n e a l e c t o m i z e d  e w e s ,  and metho ds  s i m i l a r  
t o  t h o s e  a p p l i e d  by C a r t e r  and Goldman ( 1 9 8 3 a ) ,  B i t t m a n  e t  a l .  
( 1 9 8 3 ,  Ka rsc h e t  a l .  1984)  d e m o n s t r a t e d  t h a t ,  in  t h i s  s p e c i e s ,  
t h e  l e n g t h  o f  t i m e  o f  e l e v a t e d  m e l a t o n i n  v a l u e s  r e g u l a t e s  i n i t i ­
a t i o n  and t e r m i n a t i o n  o f  th e  s e x u a l  p h a s e .  As compared t o  t h e  
f i n d i n g s  i n  Pho do pu s ,  t h e  o n l y  d i f f e r e n c e  i s  a r e v e r s a l  o f  t h e  
e f f e c t s  o f  t h e  t e m p o r a l  p a t t e r n  o f  m e l a t o n i n :  In s h e e p ,  l o n g  
t i m e s  o f  e l e v a t e d  m e l a t o n i n  l e v e l s  a r e  s t i m u l a t o r y ,  s h o r t  t i m e s  
a r e  i n h i b i t o r y .  S i n c e  t h e  s h e e p  i s  a s h o r t d a y  b r e e d e r ,  and s i n c e  
l i g h t  s u p p r e s s e s  m e l a t o n i n  l e v e l s ,  t h i s  r e v e r s a l  seems un d er ­
s t a n d a b l e .  From e v o l u t i o n a r y  c o n s i d e r a t i o n s  t h e s e  r e s u l t s  a l s o  
s t r e s s  t h e  p o i n t  t h a t  m e l a t o n i n  i s  not  a n t i g o n a d o t r o p i c  or  p r o -  
g o n a d o t r o p i c  p e r  s e ,  bu t  t h a t  t h e  t e m p o r a l  p a t t e r n  o f  m e l a t o n i n  
r e l e a s e  o n l y  c o n v e y s  t h e  m e s s a g e  from t h e  p i n e a l  g l a n d  t o  t h e  
n e u r o e n d o c r i n e  a x i s .  The d e t a i l s  may d i f f e r  i n  a s p e c i e s - s p e c i ­
f i c  f a s h i o n .
Two o t h e r  h a m s t e r  s p e c i e s  have  a l s o  been i n v e s t i g a t e d  in  some 
d e t a i l ,  t h e  g o l d e n  h a m s t e r  M e s o c r i c e t u s  a u r a t u s  and t h e  T u r k i s h  
h a m s t e r  M e s o c r i c e t u s  b r a n d t i .  Though i t  has  been c l a i m e d  t h a t  
t h e r e  i s  no d i f f e r e n c e  i n  t h e  l e n g t h  o f  e l e v a t e d  m e l a t o n i n  l e ­
v e l s  i n  l o n g  and i n  s h o r t  p h o t o p e r i o d s  i n  t h e  g o l d e n  h a m s t e r ,  
c l o s e r  i n s p e c t i o n  o f  p u b l i s h e d  d a t a  r e v e a l s  su ch a d i f f e r e n c e ,  
tho ug h i t  i s  l e s s  marked than in  th e  D j u n g a r i a n  ha m ster  ( s e e  
Hoffmann 1 9 81b,  F i g .  5 ) .  Thus i t  seems not  u n p l a u s i b l e  t h a t  a 
mechanism s i m i l a r  t o  t h a t  shown f o r  t h e  D j u n g a r i a n  h am st er  ap­
p l i e s .  T h i s  i s  i l l u s t r a t e d  i n  F i g .  10 ( a b o v e ) .  As in  Ph od op us ,  
s h o r t  p h o t o p e r i o d s  i n d u c e  g o n a d a l  r e g r e s s i o n  w hi ch s u g g e s t s  t h a t  
t h e  c o r r e s p o n d i n g  m e l a t o n i n  p a t t e r n  i s  i n h i b i t o r y .  However,  
w h i l e  i n  l o n g  p h o t o p e r i o d s  t h e r e  i s  r a p i d  r e c r u d e s c e n c e ,  the
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same h o l d s  i f  t h e  a n i m a l s  a r e  p i n e a l e c t o m i z e d  or  i f  t h e  n o c t u r ­
n a l  m e l a t o n i n  r i s e  i s  p r e v e n t e d  by o t h e r  m a n i p u l a t i o n s :  Re­
g r e s s e d  t e s t e s  r e c r u d e s c e  r a p i d l y ,  as  has  been shown i n  many 
e x p e r i m e n t s  by s e v e r a l  l a b o r a t o r i e s  ( s e e  R e i t e r  1981 f o r  r e ­
v i e w ) .  Thus ,  t h e r e  seems t o  be o n l y  i n h i b i t i o n  by t h e  m e l a t o n i n  
p a t t e r n  t y p i c a l  f o r  s h o r t  p h o t o p e r i o d s .  The o n l y  e f f e c t  o f  l o n g  
p h o t o p e r i o d s  in  wh ich t h e  p i n e a l  g l a n d  i s  i n v o l v e d  i s  t h e  b r e a ­
k i n g  o f  p h o t o r e f r a c t o r i n e s s  a s  was shown by B i t t m a n  and Zucker
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F i g .  1 0 .  T h e o r e t i c a l  scheme f o r  m e l a t o n i n  a c t i o n  i n  t h e  p h o t o -  
p e r i o d i c  mechanism o f  t h e  g o l d e n  h am st er  (ab ove )  and t h e  Tur­
k i s h  ha m st er  ( b e l o w ) .  For f u r t h e r  e x p l a n a t i o n  s e e  F i g .  9 and 
t e x t .
R e c e n t l y ,  a n o t h e r  member o f  t h e  gen u s  M e s o c r i c e t u s  has  been  i n ­
v e s t i g a t e d ,  t h e  c l o s e l y  r e l a t e d  T u r k is h  h a m s te r  M e s o c r i c e t u s  
b r a n d t i  ( C a r t e r  e t  a l .  1 9 8 2 ) .  The m e l a t o n i n  p a t t e r n  i n  t h i s  s p e ­
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c i e s  was r e p o r t e d  t o  be s i m i l a r  t o  t h a t  found in  th e  g o l d e n  
h a m s t e r .  S h o r t  p h o t o p e r i o d s  i n d u c e  r e g r e s s i o n  w h i l e  l o n g  p h o t o ­
p e r i o d s  m a i n t a i n  t h e  a c t i v e  s t a t e  o f  g o n a d s .  However,  p i n e a l e c -  
tomy, c o n s t a n t  l i g h t  o r  o t h e r  m a n i p u l a t i o n s  t h a t  s u p p r e s s  t h e  
n o c t u r n a l  r i s e  o f  m e l a t o n i n  r e s u l t e d  i n  g o n a d a l  i n v o l u t i o n .  Ap­
p a r e n t l y  t h e  t e m p o r a l  p a t t e r n  o f  m e l a t o n i n  i n  lo n g  p h o t o p e r i o d s  
i s  e s s e n t i a l  f o r  s t i m u l a t i n g  t h e  g o n a d a l  s y s t e m ,  w h i l e  i t s  su p ­
p r e s s i o n  an d,  t h e r e b y ,  t h e  l a c k  o f  s t i m u l a t i o n  c a u s e s  g o n a d a l  
c o l l a p s e .  In t h i s  r e s p e c t  th e  r e a c t i o n  o f  t h e  T u r k i s h  ha m st er  
i s  j u s t  t h e  o p p o s i t e  o f  t h a t  o b s e r v e d  in t h e  g o l d e n  h a m s t e r .
I t  s h o u l d  be s t r e s s e d  t h a t  t h e  scheme d e v e l o p e d  i n  F i g .  10 f o r  
t h e  two M e s o c r i c e t u s  s p e c i e s  i s  h y p o t h e t i c a l .  No p a t t e r n e d  i n ­
f u s i o n s  have  been  p er form ed  i n  e i t h e r  s p e c i e s  s o  f a r .  However,  
i n  t h e  g o l d e n  h a m s t e r  i t  has  be en shown t h a t  d a i l y  i n j c t i o n s  o f  
m e l a t o n i n  can mimic  t h e  e f f e c t s  o f  s h o r t  p h o t o p e r i o d s  in  l o n g  
l i g h t - t i m e s  i f  t h e y  a r e  p er fo rm ed  a t  t h e  r i g h t  t i m e  r e l a t i v e  t o  
t h e  l i g h t - d a r k  c y c l e  i n  whic h t h e  a n i m a l s  a r e  m a i n t a i n e d .  T h i s  
was f i r s t  d e m o n s t r a t e d  by Tamarkin e t  a l .  ( 1 9 7 6 )  and l a t e r  c o n ­
f i r m e d  i n  many o t h e r  l a b o r a t o r i e s .  In p i n e a l e c t o m i z e d  g o l d e n  
h a m s t e r s  i n j e c t i o n s  o f  m e l a t o n i n  were  a l s o  e f f e c t i v e  i n  c a u s i n g  
r e g r e s s i o n  i f  t h e y  were  p er form ed  t h r e e  t i m e s  d a i l y  in  3 h i n ­
t e r v a l s ,  a s  f i r s t  shown by Tamarkin e t  a l .  ( 1 9 7 7 )  and l a t e r  by 
o t h e r  g r o u p s .  In g e n e r a l ,  t h e s e  e x p e r i m e n t s  s u g g e s t  t h a t ,  h e r e  
a g a i n ,  t h e  t e m p o r a l  p a t t e r n  o f  m e l a t o n i n  i s  i m p o r t a n t  i n  con­
v e y i n g  t h e  p h o t o p e r i o d i c  m e s s a g e .  No d a t a  a r e  a v a i l a b l e  f o r  t h e  
T u r k i s h  h a m s t e r .
The g o l d e n  h a m s t e r  i s  t h e  s p e c i e s  in  which t h e  p a r t i c i p a t i o n  o f  
t h e  p i n e a l  g l a n d  i n  t h e  p h o t o p e r i o d i c  mechanism was f i r s t  s t u ­
d i e d ,  and i t  i s  c e r t a i n l y  th e  s p e c i e s  t h a t  has  been most f r e ­
q u e n t l y  i n v e s t i g a t e d  i n  t h i s  r e s p e c t .  The s t i l l  c u r r e n t  c o n c e p t ,  
now w i d e l y  m e n t i o n e d  i n  t h e  l i t e r a t u r e ,  t h a t  t h e  p i n e a l  g l a n d  
i s  an a n t i g o n a d o t r o p i c  o r g a n ,  o r  h as  a n t i g o n a d o t r o p i c  e f f e c t s ,  
and t h a t  m e l a t o n i n  h as  a n t i g o n a d o t r o p i c  p r o p e r t i e s ,  i s  t o  a 
l a r g e  e x t e n t  b a s e d  on t h e  r e s u l t s  o f  e x p e r i m e n t s  u s i n g  t h i s  s p e ­
c i e s .  In v i e w  o f  t h e  f i n d i n g s  by C a r t e r  e t  a l .  ( 1 9 8 2 )  i n  t h e  
T u r k i s h  h a m s t e r ,  one  might  s u s p e c t  t h a t ,  had t h e  T u r k i s h  h am st er  
be e n  s t u d i e d  f i r s t ,  and a s  e x t e n s i v e l y ,  t h e  c u r r e n t  c o n c e p t  
would be t h a t  t h e  p i n e a l  g l a n d  i s  a p r o g o n a d o t r o p i c  o r g a n .
CONCLUDING REMARKS
The f o l l o w i n g  c o n c l u s i o n s  can be drawn: In  p h o t o p e r i o d i c  mam­
m a l s ,  t h e  p i n e a l  g l a n d  i s  i n v o l v e d  i n  c o n v e y i n g  t h e  p h o t o p e r i o ­
d i c  m e s s a g e .  T h i s  c o n c e r n s  not  o n l y  t h e  g o n a d s  and g o n a d - i n f l u ­
e n c e d  p r o c e s s e s ,  but  a l s o  o t h e r  f u n c t i o n s  r e g u l a t e d  by p h o t o ­
p e r i o d .  The t e m p o r a l  p a t t e r n  o f  p i n e a l  m e l a t o n i n  s y n t h e s i s  and 
r e l e a s e  seems t o  be t h e  main f a c t o r  i n v o l v e d  i n  t r a n s d u c i n g  th e  
p h o t o p e r i o d i c  m e s s a g e ,  a t  l e a s t  i n  some s p e c i e s .  However ,  t h e  
d e t a i l s  o f  t h i s  mechanism d i f f e r  from s p e c i e s  t o  s p e c i e s ,  e v e n  
i n  c l o s e l y  r e l a t e d  fo rm s.
In  s e v e r a l  s p e c i e s  t h e r e  i s  e v i d e n c e  t h a t  t h e  p i n e a l  p a r t i c i ­
p a t e s ,  not  o n l y  in  c o n v e y i n g  t h e  i n h i b i t o r y  e f f e c t s  o f  p h o t o ­
p e r i o d ,  but  a l s o  t h e  s t i m u l a t o r y  e f f e c t s .  The c o n c e p t  t h a t  t h e
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p i n e a l  i s  an a n t i g o n a d o t r o p i c  o r g a n ,  and t h a t  m e l a t o n i n  i s  an 
a n t i g o n a d o t r o p i c  hormone,  i s  c e r t a i n l y  u n w a r r a n te d .  Such a 
c l a i m ,  i f  i t  i s  b ase d  on work i n  p h o t o p e r i o d i c  s p e c i e s ,  has  t o  
be r e j e c t e d .  T h i s  d o e s  not  e x c l u d e  t h a t ,  in  n o n - p h o t o p e r i o d i c  
p r o c e s s e s ,  t h e  p i n e a l  might  have  some g e n u i n e  a n t i g o n a d o t r o p i c  
e f f e c t ,  but  t h i s  has  s t i l l  t o  be d e m o n s t r a t e d  ( s e e  a l s o  S i z o -  
nenko and Lang,  t h i s  v o l u m e ) .
C o n s i d e r i n g  t h e s e  d a t a  and t h e  r e s u l t a n t  r e f o r m u l a t i o n  o f  our  
i d e a s  c o n c e r n i n g  p i n e a l  f u n c t i o n ,  and,  f u r t h e r m o r e ,  t h e  d e p e n -  
d an ce  o f  t h e s e  c o n c e p t s  on t h e  p a r t i c u l a r s  o f  t h e  s p e c i e s  under  
s t u d y ,  I t h i n k  t h i s  work c l e a r l y  d e m o n s t r a t e s  t h e  im p o r t a n c e  o f  
c o m p a r a t i v e  r e s e a r c h  in  p h y s i o l o g y ,  a f i e l d  t h a t  i s  c u r r e n t l y  
n e g l e c t e d .
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I N T RODUCTION
If t h e  large n u m b e r  of e n d o c r i n e  and n o n - e n d o c r i n e  pr o c e s s e s  t h e  
pineal organ r e p o r t e d l y  influences are u n e q u i v o c a l l y  substantiated, then 
the pineal would n o w  have to be c o n s i d e r e d  at least as influential as 
p i t uitary gland. Like f o r  pituitary, t h e  d i v e r s i t y  of a ctions of t h e  
pineal would p r a c t i c a l l y  r e quire tha t  several specific acti v e  f a c t o r s  were 
s y n t hesized and rele a s e d  f r o m  it. However, over past two decades, while 
f ailing to isolate d i f f e r e n t  act i v e  c o m p o u n d s  specific for pineal d i f f e r ­
ent effects, a wide r ange of studies a p p a r e n t l y  indicated tha t  a single 
hormone, melatonin (aMT), has the a b ility to m e d i a t e  all actions of pineal 
body, including inhibition and stimulation of the same targets. In this 
context, also t h e  co n c e p t  of a n e g a t i v e  f e e d - b a c k  s y s t e m  between pineal 
and h y p o t h a l a m o - p i t u i t a r y  tract, c o n j e c t u r e d  in t h e  sixties (Fiske et a.l., 
1962; De G o u t t e s , 1964; Trentini et al.,1967) has become too restrictive.
As c u r r e n t l y  envisioned, t h e  role of pineal organ appears to be more 
general, and p r e s u m e d l y  t h a t  of a s t r u c t u r e  which c e n t r a l l y  re g u l a t e s  
e n d o c r i n e  and n o n - e n d o c r i n e  r e g u l a t o r y  systems, by i n t e g rating and c o n v e y ­
ing various e x o genous and endog e n o u s  stimuli, that keep t h e  o r g a n i s m  as a 
w hole in proper s y n c h r o n y  with t h e  external enviro n m e n t .  However, t h e  
exact m e c h a n i s m  of how pineal or  aMT influence phys i o l o g i c a l  p r o cesses 
remains still obscure.
Aim of t h e  present paper is to  r e v i e w  studies showing tha t  aMT is able 
to r e p r o d u c e  physiological e f f e c t s  of the pineal, its action being not 
s p e c i f i c a l l y  a d d ressed to a parti c u l a r  function, but to a general m o d u l ­
ation of brain activity, and to c ollect data s upporting the proposition 
this effect is performed t h rough c h anges of brain s e rotonergic system.
M E L A T O N I N  AS M E D I A T O R  OF PINEAL FUNCTION
Within past 15 years, substantial progress has been ma d e  in u n d e r ­
w o r k  s u p ported in part by a resea r c h  grant f r o m  Italian Min i s t e r o  della 
Pubblica Istruzione.
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standing that pineal body f u n c t i o n s  as a n e u r o e n d o c r i n e  t r a n s ducer, namely 
as an organ w hich perf o r m s  t h e  uniq u e  func t i o n  of ut i l i z i n g  information 
d e rived f r o m  circadian, e n v i r o nmental c h a n g e s  of light and, possibly, of 
o ther ph e n o m e n a  (i.e. t e m p e r a t u r e  and pressure) to m o d u l a t e  hormonal 
output of aMT, which prov i d e s  brain with a t i m e  signal that reg u l a t e s  a 
number of n e u r o e n d o c r i n e  and n e u r o p h y s i o l o g i c a l  rhythms, like l o c omotor 
acti v i t y  and t e m p e r a t u r e  ( B i n k l e y , 1981; Redman et al.,1983), a ggression 
and a n i m a l ' s  e m o t i o n a l i t y  (Armstrong et al.,1982), sleep o r g a n i z a t i o n 
(Sarda et al.,1983), blood press u r e  (Zanoboni and Z a n o boni-Muciaccia,
1967), thirst r e g u l a t i o n  (Stephan and Zucker, 1972), and d i u r e s i s  
(Armstrong et al.,1982).
Careful c o n s i d e r a t i o n  dese r v e s  t o d a y  t h e  c o n t r o v e r s y  c o n c e r n i n g  the 
inhib i t o r y  o r  s t i m u l a t o r y  action pineal body exe r t s  on n e u r o e n d o c r i n e  
system. Actually, it b e comes i n c r e a s i n g l y  c l e a r  that pineal bod y  plays 
eith e r  an antigonadal role or a progonadal effe c t  in regul a t i o n  of r e p r o ­
d u c t i v e  system. A c o m p l e t e  r e v i e w  of vast l i t e r a t u r e  d e s c r i b i n g  pineal 
e ffects on r e p r o d u c t i v e  func t i o n  is beyond the scope of this paper. It 
seems onl y  c o n v e n i e n t  to remind b riefly p e r tinent data of two r e p r e s e n t a ­
tiv e  grou p s  of animals, i.e. n o n-seasonal and seasonal breeders.
In rat, p i n e a l e c t o m y  (Px) r e sults in prolon g a t i o n  of estrus phase of 
vaginal c y c l e  (Albertazzi et al.,1966), in ovarian h y p e r t r o p h y  (Wurtman et 
a 1 .,1959), and in i n c reased w e ights of testes, seminal ves c i c l e s  and 
ventral p r o s t a t e  (Motta et a 1.,1967), while aMT a d m i n i s t r a t i o n  has c o n t r a ­
ry e f f e c t s  (Wurtman et al.,1963; K a p p e r s , 1962). S i m i l a r  a l t e r a t i o n s  are 
o b s e r v e d  with e x p o s u r e  to c o n t i n u o u s  light (LL) for short periods (Wurtman 
et a 1.,1961), an e f f e c t  r e v e r s e d  by a M T  (Wurtman et al.,1963; Chu et 
a 1 .,1964). S ince pineal b o d y  m e d i a t e s  e nvironmental c h a n g e s  m a i n l y  in 
lighting con d i t i o n s ,  it is not surpr i s i n g  that pineal m a n i p u l a t i o n s  have 
not d r a m a t i c  e f f e c t s  on r e p r o d u c t i o n  in a n imals like non-se a s o n a l  breeders  
whose r e p r o d u c t i v e  c y c l e  is f i r m l y  r e g u l a t e d  and sta b l e  under standard 
l a b o r a t o r y  c o n d i t i o n s .  For this reason, we d e v e l o p e d  a r e p r o d u c i b l e  
experi m e n t a l  model, based on s u p p r e s s i o n  of r e p r o d u c t i v e  c y clicity, to 
d e m o n s t r a t e  the role of pineal in rat r e p r o d u c t i v e  physiology.
Rats in c o n s t a n t  e strous a n o v u l a t o r y  (CEA) state, induced e i t h e r  by 
anterobasal h y p o t h a l a m i c  injuries, i.e. frontal h y p o t h a l a m i c  d e a f f e r e n t -  
ation or bilateral e l e c t r o l y t i c  lesions (HI), or neonatal injection of 
androgen (15-250pg t e s t o s t e r o n e / r a t )  (NA), or e x p o s u r e  t o  LL (produced by 
5 Philips T L 4 0 W - 3 3  sources) for 120 days, were su b j e c t e d  to e i t h e r  Px or 
supe r i o r  s y m p a t h e t i c  cervi c a l  g a n g l i o n e c t o m y  (CGx), and/ o r  d a i l y  s.c. 
ad m i n i s t r a t i o n  of aMT (2 x lOOpg/day).
Abla t i o n  of pineal body or d e p r e s s i o n  of its synthetic a c t i v i t y  by CGx 
r e i n s t a t e  r e p r o d u c t i v e  c y c l i c i t y  with r e p e a t e d  o v u l a t i o n s  (Trentini et 
al.,1973; Mess et a 1 ., 1973) in a s i g n i f i c a n t  num b e r  (P < 0 .01) of animals 
with CEA state due to HI or NA, w hile Px appears i n e f f e c t i v e  in LL-CEA 
rats (Fig. 1). As shown in f u r t h e r  e x p e r i m e n t s  (Trentini et al.,1976), 
o v u l a t i o n - i n d u c i n g  eff e c t  of Px or CGx to o k  place t h r o u g h  increased r e l e a ­
se of LH, t h o u g h  a b n o r m a l l y  timed.
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s e c retory products r e m o v e s  an antigonadal f a c t o r  which p e rmits o vulation.
Accordingly, a d m i n i s t r a t i o n  of aMT f u l l y  c o u n t e r a c t s  o v u l a t i o n -  
-inducing eff e c t  of e i t h e r  Px or CGx, i ndicating that aMT p r o b a b l y  
repre s e n t s  the pineal antigonadal factor.
On t h e  o t h e r  hand, d a i l y  a d m i n i s t r a t i o n  of aMT is able to re i n s t a t e  
r e p r o d u c t i v e  c y c l i c i t y  and ov u l a t i o n  in rats with CEA state induced by 
e x p o s u r e  to LL, and this action is u n a f f e c t e d  by Px (Fig. 1).
Moreover, a M T  a d m i n i s t e r e d  d a i l y  in p h y s i ological a m o u n t s  f r o m  the
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F i g . 2. M A I N T E N A N C E  OF R E P R O D U C T I V E  C Y C L I C I T Y  IN SHAM- OR Px RATS EX P O S E D  TO LL, AND DAILY 
S.C. INJ E C T E D  W I T H  E I T H E R  1 OR 10 ;jg aMT FROM THE B E G I N N I N G  OF LL EXPOSURE.
* P<0.01
b e g inning of LL e x p o s u r e  prev e n t s  d e v e l o p m e n t  of CEA state and mai n t a i n s  
r e p r o d u c t i v e  c y c l i c i t y  (Fig. 2). Thus, aMT exerts a progonadal a c t i v i t y  in 
LL c o n d i t i o n s  with an effect that is p i n e a l - i n d e p e n d e n t  and m i micks the 
action of nyctoh e m e r a l  r h y t h m  on h y p o t h a l a m o - p i t u i t a r y - g o n a d a l  axis.
All together, t h e s e  data d e m o n s t r a t e  that pineal bod y  and its main 
s e c r e t o r y  product, aMT, d i s p l a y  in rat eith e r  an antigonadal or a p r o ­
gonadal action under d i f f e r e n t  e x perimental c o n d itions.
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In general, t h e  r e p r o d u c t i v e  e f fects of pineal body are q u a n t i t a t i v e l y  
far gr e a t e r  in seasonal breeders. R e s t r i c t e d  light e x p o s u r e  or c hronic 
e v e n i n g  aMT i njections app e a r  to induce regre s s i o n  of r e p r o d u c t i v e  organs 
in both ma l e  and f e m a l e  Syrian hamsters (Reiter, 1980; Vaughan, 1981), as 
well as in d j u n g a r i a n  h a mster (Hoffmann, 1972) and several other photo- 
periodic m a m malian species (Herbert, 1972; Pévet and H a l d a r-Misra, 1982). 
R e p r o d u c t i v e  c o l l a p s e  is acc o m p a n i e d  by hormonal imbalance, with de p r e s s e d  
plasma values of LH, FSH, p r o lactin and t e s t o s t e r o n e  in males, while in 
f e males LH and FSH may a c t u a l l y  be increased, altho u g h  prolactin levels 
are u s u a l l y  d e p r e s s e d  (Tamarkin et al.,1976; Reiter, 1980; Vaughan, 1981). 
Px compl e t e l y  prevents the ef f e c t s  of short days and aMT treatment, tho u g h  
t w i c e  d a i l y  injec t i o n s  of aMT can c a u s e  t e s t i c u l a r  regre s s i o n  and' hormonal 
i m b alance in Px hamsters i r r e s p e c t i v e  of t h e  pho t o p e r i o d  (Goldman et al., 
1979). It is thus appa r e n t  that aMT injections f u n c t i o n  p h y s i o l o g i c a l l y  in 
t h e  same man n e r  as short pho t o p e r i o d  and may m e d i a t e  t h e  ef f e c t s  of short 
days on r e p r o duction.
In addition to f i n d i n g s  th a t  indicate a strong antigonadal role for 
pineal and aMT, recent data indicate, as r e v i e w e d  by Hoff m a n n  at thi s  
Colloquium, tha t  pineal is also involved in s t i m ulation of r e p r o d u c t i v e  
activity. The f i n d i n g s  of C a r t e r  et a 1 .(1982, 1983a) suggest that in 
t u r k i s h  h a mster and in d j u n g a r i a n  ha m s t e r  aMT may be invo l v e d  in both 
m a i n t e n a n c e  of t e s t i s  f u n c t i o n  during e x p o s u r e  to long day p h o t o p e r i o d  and 
in s u p p r e s s i o n  of r e p r o d u c t i v e  f u n c t i o n  in short days. By u sing aMT 
infusion of d i f f e r e n t  duration, Carter et a l . (1983b) d e m o n s t r a t e d  that 
aMT peaks of 6-h dura t i o n  or less elicit a long day response, i.e. s t i m u l ­
ation of pitui t a r y - g o n a d a l  axis, while aMT peaks of 8- to 12-h duration 
elicit a short d a y  response, i.e. inhibition of r e p r o d u c t i v e  system. Other 
e v i d e n c e  sugg e s t s  tha t  aMT infusions can mimic t h e  effect of i n h i b i t o r y  as 
well as s t i m u l a t o r y  p h o t o p e r i o d s  also in s h o rt-day breeders (Bittman et 
a 1.,1983). Exp e r i m e n t s  of Arendt et al. (1983) p r o v i d e  e v i d e n c e  of a pro- 
g o n a d o t r o p i c  eff e c t  of aMT in ewes, by showing that a M T - t r e a t e d  animals 
were t h e  f irst to init i a t e  e s trous cycle, thou g h  having aMT plasma levels 
higher t h a n  both sh o r t - d a y  ex p o s e d  ewes and control ewes.
As for r e p r o d u c t i v e  system, pineal body seems to  exert e i t h e r  an in­
hibi t o r y  or a s t i m u l a t o r y  (Gordon et a 1 . , 1980) effe c t  on t h y r o i d  function, 
tho u g h  the great bulk of e v i d e n c e  indicates a s u p p r e s s i v e  effe c t  (Relkin, 
1978; Vaughan et al., 1982). A c o i n c i d e n c e  of c o u n t e r - a n t i g o n a d a l  and 
c o u n t e r - a n t i t h y r o i d  action of aMT a d m i n i s t e r e d  via the d r i n k i n g  water in 
male golden h a m s t e r  has r e c e n t l y  been repo r t e d  (Vriend and Gibbs, 1984).
Similarly, t h e r e  are m a n y  i n d i cations tha t  t h e  pineal organ has a 
g e n e r a l i z e d  s u p p r e s s i v e  i n f luence on gro w t h  h o r m o n e  s e c retion (Smythe and 
Lazarus, 1974a), and on g l u c o c o r t i c o i d  s e c retion (Wurtman et a 1.,1961; 
Vaughan et al., 1972), but f i n d i n g s  f r o m  d i f f e r e n t  l a b o r a t o r i e s  are 
c o n t r a d i c t o r y .  In man, p rior a d m i n i s t r a t i o n  of  a M T  blocks t h e  r i s e  in 
plasma GH levels, induced by either e x e r c i s e  or h y p o g l i c e m i a  (Smythe and 
Lazarus, 1974a), but aMT a lone is a s s o c i a t e d  with a rise in plasma GH 
level's (Smythe and Lazarus, 1974b). In t h e  rat, Px has been shown to
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s i g n i f i c a n t l y  d e c r e a s e  s e r u m  GH values in light, but not in dark (Ronne- 
kleiv and McCann, 1978), and to d i s r u p t  e n t r a i n m e n t  of GH r h y t h m  (Wi l ­
loughby et a l ., 1978). With regard to adrenoc o r t i c a l  f u n c t i o n  only b o r d e r ­
line m o d i f i c a t i o n s  or no c h anges have been repo r t e d  f o l l o w i n g  Px in stress 
r e s p o n s e  and c i r c a d i a n  a d r e nocortical r h y t h m  ( Klein et al., 1979).
All r e p o r t e d  data s h o w  that pineal organ influences as man y  b i o c h e m ­
ical, physiological, en d o c r i n o l o g i c a l  and behavioral pr o c e s s e s  as p r o b a b l y  
no o t h e r  organ in t h e  body. Furthermore, t h e y  d e m o n s t r a t e  that aMT is the 
hormonal product that reproduces, and p r o b a b l y  medi a t e s  all a c tions of the 
pineal, as far as t h e  s e e m i n g l y  paradoxical a c t i v i t y  of inhib i t i n g  or 
sti m u l a t i n g  same physiological processes.
A c c ordingly, thou g h  in last f e w  y ears several indole c o m p o u n d s  have 
been r e c o v e r e d  f r o m  pineal t i s s u e  (for survey, see: Balemans, 1979; Smith, 
1983), non e  has shown to  p r oduce the dram a t i c  r e p r o d u c t i v e  e f fects that 
aMT does, t h e i r  p h y s i ological role being far f r o m  clarification.
In a work d i r e c t e d  to inv e s t i g a t e  w hether o t h e r  pineal indoles possess 
an acti v i t y  s i milar to that of aMT in p r e v e n t i n g  the effe c t  of LL on rat 
ovarian c y c l i c i t y  (Trentini et al., 1982), we d e m o n s t r a t e d  tha t  all 
indoles t e s t e d  are s i g n i f i c a n t l y  less act i v e  than aMT in p r e v e n t i n g  the 
d e v e l o p m e n t  of CEA s tate in LL rats. Particularly, 5 - m e t h o x y t r y p t o p h a n  and 
5 - m e t h o x y i n d o l e - 3 - a c e t i c  acid f a i l e d  to  sh o w  any activity, w h ereas N- 
a c e t y l s e r o t o n i n  (aHT), 5-hydr o x y t r y p t o p h o l  (HL), 5-metho x y t r y p t o p h o l  (ML) 
and 5 - m e t h o x y t r y p t a m i n e  (MT) m a i n t a i n e d  ov u l a t i o n  in about 30% of LL rats 
(Fig. 3).
S i m i l a r  r e sults were obta i n e d  by Vaughan et a l . (1972), S a ckman et al. 
(1977) and Reiter (1980) by study i n g  t h e  g o n a d - i n h i b i t i n g  a c t i v i t y  of 
several pineal indoles in male hamsters. All indoles tes t e d  did not shared 
aMT's a b i l i t y  to suppress r e p r o d u c t i v e  physiology, tho u g h  some s i g n ificant 
effects were p r e sented by aHT, ML, HL and MT, as shown at this C o l l o q u i u m  
by Pévet. By t e s t i n g  t h e  potential a n t i g o n a d o t r o p i c  p r o p e r t i e s  of a large 
n u m b e r  of natural and synthetic an a l o g u e s  of aMT, Richardson et al. (1983) 
show that 6 - c h l o r o m e l a t o n i n  (aMTGCl) is t h e  only c o m p o u n d  as e f f e c t i v e  as 
aMT in inhib i t i n g  the ha m s t e r  r e p r o d u c t i v e  axis. When a c u t e l y  admini s t e r e d  
to rats, aMT6Cl a ppears to be a mor e  potent inhibitor of ov u l a t i o n  than 
aMT (Clemens et al., 1980), its e n h a n c e d  a c t i v i t y  being p u r p o r t e d l y  r e f e r ­
red to its increased plasma hal f - l i f e  due to halogenation, c o m p a r e d  to aMT 
(Frohn et  al., 1980). However, by using t h e  same c o m p o u n d s  including 
aMT6Cl, th i s  same g r o u p  (Vaughan et al., 1983) fail e d  to  d e t e c t  any effect 
on c i r c u l a t i n g  T4 levels, which were instead s i g n i f i c a n t l y  d e p r e s s e d  by 
injection of aMT, in o u r  o p i n i o n  q u e s t i o n i n g  t h e  s u g g e s t e d  a M T - a g o n i s t  
eff e c t  of a M T 6 C l .
By i n v e s t i g a t i n g  the effect of aMT and o t h e r  indole d e r i v a t i v e s  in 
m a i n t a i n i n g  o v u l a t i o n  in rats kept in LL, we ev a l u a t e d  also t h e  p o s s i b l e  
i n f luence t h e y  e xert on H I O M T  activ i t y  of pineal body in t h e  24-h period 
(Trentini et al., 1983). All indoles tes t e d  appe a r  t o  st i m u l a t e  s i g n i f i c ­
antly H I O M T  acti v i t y  for t h e  synthesis of aMT inhibited by e x p o s u r e  to  LL, 
in some way r e a c t i v a t i n g  at a low level d aily r h y t h m  of aMT production. 
Only a d m i n i s t r a t i o n  of aMT does not influence its own synthesis (Fig. 4).
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Fig. 3. 7o o c c u r r e n c e  of CEA state 
in rats e x p o s e d  to  LL and 
injected d a i l y  with 10ug of 
d i f f e r e n t  pineal indoles.
As= A l c oholic saline 
5MTP= 5 - m e t h o x y t r y p t o p h a n  
5MIAA= 5 - m e t h o x y - 3 - i n d o l e  
acetic acid
5MTL= 5 - m e t h o x y tryptophol 
NAS= N - a c e t y l s e r o t o n i n  
5MT= 5 - m e t h o x y t r y p t a m i n e  
5HTL= 5 - h y d r o x y tryptophol 
MEL= melatonin
(8) (15) (15) (15) (15) (15) (15) (20)
On t h e  basis of t h e s e  results, the effect that indole d e r i v a t i v e s  other 
than a M T  exert on r e p r o d u c t i v e  f u n c t i o n  seems to  be at least partly 
m e d i a t e d  t h r o u g h  aMT.
Though t h e s e  results need to be c o n f i r m e d  by d e m o n s t r a t i n g  parallel 
ch a n g e s  in a M T  serum levels, t h e y  appear to suggest that t h e  w hole m e t a ­
bolic m a c h i n e r y  of pineal body is a d d ressed to t h e  s y n thesis of aMT, once 
again indicated as the main or, probably, only pineal hormonal product.
Con s i d e r i n g  t h e  m u l t i t u d e  of f u n c t i o n s  pineal body af f e c t s  via t h e  
secretion of a single p r oduct it is u n l i k e l y  it p o s sesses so man y  specific 
activities, t h e r e f o r e  its action must t a k e  place at a higher general level 
of integration.
Based on s t udies in r o d e n t s  and monkey, s u p r a c h i a s m a t i c  nu c l e u s  (SCN) 
of h y p o t halamus, rat h e r  than pineal, has been r e c o g n i z e d  to play a key 
role in o r g a n i z a t i o n  of c i r c a d i a n  r h y t h m s  of behavioral and e n d o c r i n e 
f u n c t i o n s  (Klein, 1978; Moore, 1978; Williams, 1983). D e s t r uction of SCN 
abo l i s h e s  c i r c a d i a n  r h y t h m  of plasma c o r t i c o s t e r o n e  (Moore and Eichler, 
1972), as well as rh y t h m s  of d r i n k i n g  and locomotor a c t i v i t y  (Stephan and 
Zucker, 1972), s l e e p - w a k e  c y c l e  (Menaker et a 1., 1978), and e a t i n g - f a s t i n g  
c y c l e  (Nagai et al., 1978). A m p l e  e v i d e n c e  als o  sugg e s t s  t h a t  SCN is 
r e s p o n s i b l e  f o r  s y n c h r o n i z a t i o n  of gonadal a c t i v i t y  with e n v i r o nmental 
light, w i thout i n v olving pineal organ (Meyer and Quay, 1976).
S ince SCN has been shown to c ontain a large num b e r  of a m i nergic n e r v e  
fibers, o r i g i n a t i n g  f r o m  d i f f e r e n t  n e u r o t r a n s m i t t e r  systems, p a r t i c u l a r l y  
f r o m  midb r a i n  r a p h e  nuclei (Fuxe and Jonsson, 1974; H e rbert and Yates, 
1976, Steinbusch, 1981), we invest i g a t e d  the p o s s i b l e  invol v m e n t  of t h e s e  
s t r u c t u r e s  in t h e  r e g u l a t i o n  of rat o varian cycle. By means of electro-
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lytic d e s t r u c t i o n  or of specific neuro t o x i c  lesions (by using: a. 5,7-di- 
h y d r o x y t r y p t a m i n e  (5,7-DHT) and d e s m e t h y l i m i p r a m i n e  (D M I ) for s e rotonergic 
n erve endings; b. 6 - h y d r o x y d o p a m i n e  (6-OHDA) and DMI for d o p a m i n e r g i c  (DA) 
n erve endings; and c. 6-OH D A  and ben z t r o p i n e  (BT) for n o r e p i n e p h r i n e r g i c  
(NE) n e r v e  endings) of SCN or of midbrain dorsal (DR) and medi a n  (MR) 
raphe nuclei placed by stereotaxic technique, we d e m o n s t r a t e d  that
e l e c t r o l y t i c  d e s t r u c t i o n  of SCN induces CEA state in more than 90% of rats 
m a i n t a i n e d  in normal LD cycle, w hile lesions of midb r a i n  r a p h e  nuclei do 
not affect r e p r o d u c t i v e  cyclicicty. Among rats b e a r i n g  d i f f e r e n t  n e u r o ­
t oxic lesions, t h o s e  with dam a g e  of HT and NE n e r v e  t e r m i n a l s  of SCN 
presented a s i g n ificant prolon g a t i o n  of estrus phases, s o m etimes r e s ulting 
in CEA state th a t  reaches s i g n i f i c a n c e  in HT- l e s i o n e d  rats.
Present r esults c o n f i r m  previous data and show that t h e  a b s o l u t e
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anatomical i n t e g r i t y  of SCN is onl y  essential a mong t h e  struc t u r e s 
invest i g a t e d  for m a i n t e n a n c e  of rat r e p r o d u c t i v e  c y c l i c i t y  . They d e m o n ­
strate also tha t  s e r o t o n e r g i c  c o m p o n e n t  of SCN plays an i m p ortant role in 
thi s  mechanism.
B e cause SCN has been impli c a t e d  in c o n t r o l l i n g  not o n l y  ci r c a d i a n  
r hythms and o v u l a t o r y  cycle, but also pineal N - a c e t y l t r a n s f e r a s e  activity 
and aMT se c r e t o r y  r h y t h m  (Moore and KLein, 1974; Klein, 1978), and c o n v e r ­
sely a M T  has been ident i f i e d  in SCN, w here it r eaches peak values during 
the dark phase (Bubenik et al., 1976; C a s s o n e  et al., 1983), as p r e v i o u s l y  
s u g gested at n i n t h  S y m p o s i u m  on C o m p a r a t i v e  E n d o c r i n o l o g y  (Trentini et 
al., in press), it seems c o r r e c t  to regard pineal body as an inferior 
clock m e c h a n i s m  driven by SCN, which in turn d a m p e n s  t h e  a c t i v i t y  of the 
dr i v i n g  o s c i l l a t o r  by means of aMT.
Table 1. PERCENT OCCURRENCE OF CEA STATE IN RATS BEARING ELECTROLYTIC 
DESTRUCTION OR NEUROTOXIC LESION OF SUPRACHIASMATIC NUCLEUS 
(SCN), OR MEDIAN (MR) OR DORSAL (DR) RAPHE NUCLEI.
Type of lesion s c N M R 0 RN o/ to ta 1 X N o/ to ta 1 X N o/ to ta 1 X
1. Sham 1/15 6.6 0/13 0.0 0/12 0.0
2. Electrolytic 10/11 91.9** 0/10 0.0 0/16 0.0
3. 5,7-DHT 6/14 42.9* 2/12 16.7 1/10 10.0
4. 6-OHDA + B 1 3/8 37.5 2/10 20.0 2/10 20.0
5. 6-OHDA + DMI 1/12 8.3 1/10 10.0 1/12 8.3
5 , 7-DHT= 5 , 7-dihydroxytryptamine; 6-0HDA= 6-hydroxydopamine;
BT= Benztropin; D MI= D es me th yl imipramine
* P<0.05 ** P<0.01
P O S S I B L E M E C H A N I S M  O F A C T I O N  O F M E L A T O N I N
A c c e p t e d  that, at least in seasonal breeders, the dura t i o n  of d aily  
e x p o s u r e  to  a M T  is t h e  e l ement by w hich c h a n g e s  in d a y - l e n g t h  are t r a n s ­
mit t e d  to d i f f e r e n t  physiological systems (Hoffmann, 1981; B ittman et al., 
1983; Cart e r  and Goldman, 1983b), and tha t  aMT p r o b a b l y  acts t h rough 
specific cell r e c e p t o r s  (Niles et al., 1979; Cardinali et al., 1979; Vacas 
and Cardinali, 1979), biochemical m e c h a n i s m s  by w hich a M T  exe r t s  its 
a c t i v i t y  still r e q u i r e  cl a r i f i c a t i o n .
A critical e x a m i n a t i o n  of L i t e r a t u r e  re v e a l s  th a t  HT  brain syst e m  
r e g u l a t e s  sam e  physio l o g i c a l ,  e n d o c r i n o l o g i c a l  and behavioral pr o c e s s e s  
p r e v i o u s l y  r e p o r t e d  to be affected by pineal body and aMT (for survey, 
see: M o r i m o t o  and Yamamura, 1979; Kordon et al., 1981; Fornal and Radulo- 
vacki, 1983; P ucilowski and Kostowski, 1983).
Several y e a r s  ago, we su g g e s t e d  a p o s s i b l e  role of brain HT  s y s t e m  in 
t h e  o v u l a t i o n - i n d u c i n g  effe c t  of Px in rats with CEA state induced by HI, 
by d e m o n s t r a t i n g  th a t  the effect of Px, p r e v i o u s l y  shown to be suppr e s s e d
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by aMT, was ab o l i s h e d  by HT a d m i n i stration. The t e n t a t i v e  c o n c l u s i o n  was 
th a t  t h e  d e c r e a s e  of aMT levels c o n s e q u e n t  on Px should have d e p r e s s e d  
brain HT  concen t r a t i o n ,  thus p e r m i t t i n g  o v u l a t o r y  r e l e a s e  of LH (Tima et 
al., 1973). This h y p o t h e s i s  was f u r t h e r  su p p o r t e d  by t h e  d e m o n s t r a t i o n  
that simple d e c r e a s e  of brain HT levels induced eith e r  by injection of 
pCPA or by  f e e d i n g  a n imals with a t r y p t o p h a n - p o o r  (W - p ) diet prov o k e s 
o v u lation in a s i g n i f i c a n t  numb e r  of HI- C E A  rats (Table 2) (Trentini et 
al., 1974).
T a bl e  2. E F F E C T S  OF M A N I P U L A T I O N S  OF B R A I N  IIT S Y ST E M
ON THE O V U L A T I O N - I N D U C I N G  E F FE C T  OF Px OR aMT 
T R E A T M E N T  FN RATS WITH C F A  STATE I N DU C E D  EITHER 
BY H Y P O T H A L A M I C  IN JU R Y  (HI) OR E X P O S U R E  TO LL.
E x p e r i m e n t a l  o c c u r r e n c e  of 
G r o u p s  N o /total
o v u lation 
%
Statis t ic a l
s i g n i f i c a n c e
H I
1 . S h am 0/32 0.0
2. Px 11/17 64.7 P<0.01 vs.1
3. Px + HT 2/25 8.0 P<0.01 vs.2
4. pCPA 28/52 53.8 P<0.05 vs.1
5. W-p 11/30 36.6 P<0.05 vs.1
L L [
6. Saline 0/17 0.0
7. aMT (2x10Oug ) 18/25 72.0 P<0.01 vs. 6
8. aMT + Meth. 6/20 30.0 P <0.01 vs.7
9. aMT + W-p 7/25 28.0 P<0.01 vs.7
10. aMT * W-p ♦ HW 5/20 75.0 P<0.01 vs.9
Meth= Methiothepin 2x10mg/kg; W-p = Tryptophan-poor diet; 
HW = 5-hydroxytryptophan.
On t h e  basis of t h e s e  results, we h y p o t h e s i z e d  t h a t  experi m e n t a l  
m a n i p u l a t i o n s  of brain HT should also affect t h e  o v u l a t i o n - i n d u c i n g  effect 
of aMT in rats with CEA state induced by e x p o s u r e  to LL. In thi s  e x p e r i m ­
ental c ondition, eit h e r  a d m i n i s t r a t i o n  of Methiothepin, a HT  rece p t o r  
a n t a g o n i s t  or t h e  W-p diet s i g n i f i c a n t l y  blocked the o v u l a t o r y  eff e c t  of
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aMT. Daily i n j ection of HT pr e c u r s o r  5 - h y d r o x y t r y p t o p h a n  (HW) was s u f f i ­
c i e n t  to r e - e s t a b l i s h  t h e  o v u l a t i o n - i n d u c i n g  effe c t  of aMT, suppr e s s e d  by 
W-p diet (Table 2) (Trentini et a l ., 1978,1979). The sa m e  experi m e n t a l  
m a n i p u l a t i o n s  of brain HT  also r e s u l t e d  t o  b l o c k  t h e  r e - a p p e a r a n c e  of 
o v u l a t o r y  c y c l i c i t y  in L L - C E A  rats repla c e d  in normal LD cyc l e s  (Table 3) 
(Mess et al., 1981). As t o d a y  g e n e r a l l y  accepted, t h e  c o n c l u s i o n  was that 
d aily a d m i n i s t r a t i o n  of aMT repro d u c e s  t h e  e f fects of . t h e  da r k  phase of 
n y c tohemeral rhythm, and th a t  HT s y s t e m  is involved in m e d i a t i n g  t h e s e  
e f fects on r e p r o d u c t i v e  function.
All together, t h e s e  e x p e r i m e n t s  d e m o n s t r a t e  that brain HT, like aMT, 
exerts eit h e r  a s t i m u l a t o r y  effe c t  or an inhib i t o r y  ro l e  on ovulation. 
Modern s t udies a g r e e  in r e c o g n i z i n g  t h i s  dual eff e c t  of brain HT. on 
r e p r o d u c t i v e  f u n c t i o n  (Coen and MacKinnon, 1979; Héry et al., 1982; 
Walker, 1982,1983) .
In an a t t e m p t  to  e x p l a i n  t h e s e  a p p a r e n t l y  c o n f l i c t i n g  results, we 
d e v e l o p e d  a w o rking h y p o t h e s i s  a c c o r d i n g  to which a " t hreshold or critical 
level" of HT is r e q u i r e d  to eli c i t  or permit p r e - o v u l a t o r y  surge of LH 
(Trentini et al., 1974; Mess et al., 1979, 1984). Actually, it has been 
fir m l y  e s t a b l i s h e d  that HT plays a f a c i l i t a t o r y  eff e c t  on phasic r e lease 
of LH, when r e g u l a t e d  with i n  c e r t a i n  limits of s y n thesis and d e g r a d a t i o n  
that p r o d u c e  r e g u l a r  c h a n g e s  in its h y p o t h a l a m i c  content. Therefore, 
prev i o u s  c o n c e p t  of "critical level" has to be i ntegrated with t h e  c o ncept 
of "critical period" (Coen and MacKinnon, 1979; Héry et al., 1982), to 
mean tha t  H T 1s inf l u e n c e  upon LH surge, like LH surge itself, is linked in 
some way to t h e  t i m e  of t h e  day. Drugs, like H W  or pCPA, which en h a n c e  or 
d e press HT  synthesis, block r e p r o d u c t i v e  funct i o n  in normal f e m a l e  rats 
(Héry et al., 1976), d i s p l a y i n g  t h e  g o n a d - i n h i b i t o r y  effect of HT, b e cause 
th e y  a bolish or d i s r u p t  d a i l y  f l u c t u a t i o n s  in h y p o t h a l a m i c  HT  content, 
like s t e a d y - s t a t e  ch a n g e s  in lighting c o n d i t i o n s  (Wurtman et al., 1961; 
Chu et al., 1964; Watts and Fink, 1981).
In our experi m e n t s ,  brain HT m a n i p u l a t i o n s  elicit ovulation, b e cause 
t h e y  m o d i f y  (perhaps by inducing a sort of f l u c t u a t i o n )  brain HT c o n t e n t  
of a n i m a l s  w hich are s e n s i t i z e d  to  LH f a c i l i t a t o r y  e f f e c t  of HT  by 
s t e a d y - s t a t e  plasma estradiol levels of CEA state. S i m i l a r  r e sults have 
been o b t a i n e d  by Walk e r  (1982a) by r e i n s t a t i n g  LH surges in aging CEA rats 
by a d m i n i s t r a t i o n  of HT neur o l e p t i c s .  Therefore, HT  c i r c a d i a n  r h y t h m  
re g u l a t e s  o v u l a t o r y  c y c l e  by pr o v i d i n g  an interm i t t e n t  d a i l y  signal, 
o c c u r r i n g  d u r i n g  t h e  t i m e  of maximal h y p o t h a l a m i c  HT  turnover, which 
f a c i l i t a t e s  estr o g e n  p o s i t i v e  f e e d b a c k  on o v u l a t o r y  surge of LH (Héry et 
al., 1982; Walker, 1982, 1983)
The same phasic t r i g g e r  m e c h a n i s m  has been impli c a t e d  in secretion of 
several other hormones, as ACTH, TSH, GH and pro l a c t i n  (Sz a f a r c z y k  et al., 
1980; Kordon, 1981; Héry et al., 1982; Smythe et al., 1982).
On t h e  o t h e r  hand, brain HT  a c t i v i t y  varies d a i l y  and t h r o u g h o u t  the 
y e a r  with a p a ttern that c o r r e l a t e s  with r h y t h m  of lighting c o n d i t i o n s  and 
of pineal a c t i v i t y  (Binkley et al., 1977; Valzelli, 1977). Px reduces 
h y p o t h a l a m i c  c o n t e n t  of HT and HA (Moszkowska et al., 1971; Sugden and 
Morris, 1979), increases m o n o a m i n e  o x i d a s e  acti v i t y  (Urry and Ellis, 1972;
Table 3. O VU LATION PROVO KE D  BY R EPLACEMENT OF L L-CEA RATS 
INTO CYCLIC LD (14:10) ENVIRONMENT. A ND C O U N T E R ­










1. LL 0/17 0 . 0
2. LD 30/45 66.6 P<0.01 v s .1
3. LD + Meth 2/19 10.5 P<0.01 v s . 2
4. LD + W-p 12/25 48.0 P < 0.05 v s . 2
5. LD ♦ W-p ♦ HW 10/10 100.0 P<0.01 v s . 4
Heth= Met hi ot he pl n  2x10mg/kg; W - p = T r y p t o p h a n - p o o r  diet 
HW= 5 - h yd ro xy tr yp to ph an  1mg/kg.
Olcese and de Vlaming, 1979), and alters ci r c a d i a n  pattern of HT activity 
r h y t h m  (Sugden and Morris, 1979; H ealy et al., 1981; Olc e s e  et a 1., 1981; 
C a ssone et al., 1983), as well as HT upt a k e  by h y p o t h a l a m i c  synap t o s o m e s  
(Cardinali et al., 1975). H o w e v e r  c o n t r a r y  results have been also repor t e d  
by Niles et al. (1983) and Ste g e r  et al. (1984). In t h e s e  e x p e r i m e n t s  
either h y p o t h a l a m i c  HT co n t e n t  has been e v a l u a t e d  instead of its activ i t y  
rhy t h m  (Niles et al., 1983), or the effect of Px has been i n vestigated in 
hamsters kept in short p h o t o p e r i o d s  (Steger et al., 1984). Sa m e  lighting 
co n d i t i o n  appears t o  mas k  H T - i n f l u e n c i n g  action of Px in t h e  goldfish, a 
species in which pineal removal provokes instead sig n i f i c a n t  d a i l y  c h anges 
of HT in long p h o t o p e r i o d s  (Olcese et al., 1981). Perhaps t h e  e x p o s u r e  of 
seasonal breeders to  long p h o t o p e r i o d s  would result a mor e  s u i t a b l e  model 
to d e m o n s t r a t e  the eff e c t  of Px on brain H T  activity, be a r i n g  in mind 
a f o r e - m e n t i o n e d  data i n d i canting tha t  pineal body stimu l a t e s  r e p r o d u c t i v e  
function in long photoperiods. Accordingly, a substantial amount of 
evid e n c e  has a ccrued f a v o r i n g  t h e  notion that aMT affects HT a c t i v i t y  of 
hypoth a l a m u s  and midbrain (Antön-Tay, 1958; Cotzias et al.,1971; Cardinali 
et al., 1975; Yates and Herbert, 1976,1979; Olc e s e  et al., 1981).
By showing tha t  aMT, like Methiothepin, increases h y p o t h a l a m i c  HT 
c o ntent and t e r m i n a t e s  LH surge in proes t r o u s  rat when a d m i n i s t e r e d  at 
19.00, Walker (1982b) suggests th a t  aMT secretion provides a d e f i n i t i v e  
en d - p o i n t  for LH surge, when a p p r o p r i a t e l y  timed. But, as p r e v i o u s l y  shown 
in our e x periments, Methiothepin, as W-p diet , blocks t h e  o v u l a t o r y  
effect of aMT, when injected t w i c e  d a i l y  at 8. 0 0  and 18.00 in LL-CEA rats, 
d e m o n s t r a t i n g  tha t  t h e  function of pineal body and aMT on r e p r o d u c t i o n  is 
somewhat mor e  c o m p l e x  than pure t e r m i n a t i o n  of LH surge. Accordingly, 
c i r c a d i a n  r h y t h m  of hypoth a l a m i c  HT a c t i v i t y  alters after Px, and LH surge 
"drifts" f r o m  within t h e  c h a r a c t e r i s t i c  t i m e  limits (Trentini et al., 
1975; Walker, 1982b).
The d e m o n s t r a t i o n  tha t  Px and / o r  aMT injection affect r h y t h m  of h y p o ­
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thal a m i c  HA content, but not tha t  of HT c o n centration, leads Cassone et 
al. (1983) to t h e  t e n t a t i v e  c o n c l u s i o n  that t h e  r h y t h m  of pineal aMT 
m o d ulates t u r n o v e r  and/ o r  r elease of h y p o t h a l a m i c  HT, w hile a dif f e r e n t  
oscillator, p o s s i b l y  SCN, ge n e r a t e s  r h y t h m  of HT content. Our p r e l i m i n a r y  
data in LL-CEA rats appe a r  to support this concl u s i o n  (Table 4 ) (De Gaetani 
et al., 1980). In LL, m i d b r a i n  HT and HA  c o n t e n t s  are s i g n i f i c a n t l y  lower 
than t h o s e  of LD controls, w i thout appa r e n t  m o d i f i c a t i o n  in ratio of HA to 
HT. On t h e  o t h e r  hand, LL does not m o d i f y  HT and HA c o n c e n t r a t i o n  in 
medial basal h y p o t h alamus, w h e r e  instead it a p pears to s i g n i f i c a n t l y  
d e press t h e i r  ratio. B e c a u s e  t h e  ratio of c o n c e n t r a t i o n  of HA to HT 
prov i d e s  an e f f e c t i v e  index of t u r n o v e r  rate and neuronal a c t i v i t y  of HT 
(Smythe et al., 1982), e x p o s u r e  to  LL appears to  d e c r e a s e  HT neural 
activ i t y  of medial basal h y p o t h a l a m u s  , but not of midb r a i n  , where it 
only provokes a s i g n i f i c a n t  d e c r e a s e  in HT content. Daily ad m i n i s t r a t i o n  
of aMT, like r e p l a c e m e n t  into LD cycles, t o g e t h e r  with r e i n s t a t e m e n t  of 
o v u l a t i o n  induces a sig n i f i c a n t  rise in midbrain c o n t e n t  of HT and HA, 
tha t  reach val u e s  s i milar to t h o s e  of LD controls, but, again, do not 
i n f luence the r atio of HA  to HT. The r e v e r s e  effect is o b s e r v e d  in medial 
basal hypothalamus, w h e r e  H A / H T  ratio is only increased to a level even 
higher than tha t  of LD c o n trols. No varia t i o n s  we r e  d e t e c t e d  in HT 
cerebral c o r t e x  with any t y p e  of experimental treatment.
Therefore, aMT and LD c y c l e  appe a r  to exert s i milar e f fects on 
midb r a i n  and h y p o t h a l a m i c  HT  system.
From t h e s e  p r e l i m i n a r y  e x periments, k e eping in vie w  t h e  limitation 
c o n s e q u e n t  on t h e  s i n g l e - t i m e  point mea s u r e m e n t  we did, tho u g h  performed 
dur i n g  t h e  t i m e  of g r e a t e r  p h y s iologic HT t u r n o v e r  (Háry et al., 1982; 
Walker, 1983), t h e  t e n t a t i v e  c o n c l u s i o n  can be drawn that pineal gland and
T a b l e  4 .  C H A N G E S  I N  H T  C O N C E N T R A T I O N  A N D  M E T A B O L I S M  O F  B A S A L  H Y P O T H A L A M U S  
A N D  M I D B R A I N  O E  L L - C E A  R A T S  O V U L A T I N G  A F T E R  a M T  T R E A T M E N T  
( 1 0 0 / j g / d a y )  OR R E P L A C E M E N T  I N  N O R MA L  L D  C Y C L E S .
B a s a l  h y p o t h a l a m u s _ _ _ _ _ _  M i d b r a i n
T r e a t m e n t N. H T H A H A / H T H T H / A H A / H T
LL 23 5 . 0 5 - 0 . 9 0 1. 45+ 0. 31 0 . 2 8 ± 0 . 08 1 . 8 5 * 0 . 1 4 0 . 9 7 4 0 . 1 5 0 . 5 2 4 0 . 0 2
LL + aM T 10 2 . 6 6 + 0 . 4 5 1 . 2 4 + 0 . 4 2 0 . 4 6 + 0 . 0 2 b 2 . 5 4 + 0 . 2 0 a 1 . 2 8 4 0 . 1 3 0 . 5 0 4 0 . 0 4
LL + LD 1 1 4 . 4 7 + 0 . 9 4 2 . 2 9 + 0 . 8 4 0 . 5 1 + 0 . 0 9 b 3 . 1 9 + 0 . 6 9 a 1 . 9 0 + 0 . 3 9 b 0 . 6 0 * 0 . 0 6
LD 10 5 . 5 0 + 0 . 5 2 1 . 9 7 4 0 . 4 6 0 . 3 6 i O . 0 3 a 2 . 8 8 + 0 . 2 9 b 1 . 6 2 + 0 . 17a 0 . 5 6 Í 0 . 0 4
a  P < 0 . 0 5 b = P { 0 . 0 1  v s .  L L
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aMT re g u l a t e s  r e p r o d u c t i o n  and brain HT sys t e m  p r o b a b l y  by sti m u l a t i n g  
midbrain HT synthesis and m o d u l a t i n g  h y p o t h a l a m i c  HT rhythmic activity.
With t h e  p u r p o s e  of f i n d i n g  f u r t h e r  support to  th i s  c o n c lusion, we 
un d e r t o o k  a n e w  series of experiments, a d d ressed to e v a l u a t e  t h e  a b ility 
of aMT t o  prevent t h e  d e v e l o p m e n t  of CEA state when a d m i n i s t e r e d  d a i l y
f r o m  t h e  b e g inning of LL expos u r e  to rats bearing lesions of SCN or of
midb r a i n  r a p h e  nuclei. Rats we r e  su b j e c t e d  to  e i t h e r  e l e c t r o l y t i c  
des t r u c t i o n  or se l e c t i v e  neuro t o x i c  lesion of SCN, DR or MR. The n e u r o ­
toxic lesion, induced by m i c r o i n j e c t i o n  of 5,7-DHT in rats pretr e a t e d  with 
DMI to  prevent d e s t r u c t i o n  of nora d r e n e r g i c  system, was p e r f o r m e d  with the 
specific aim of e v a l u a t i n g  t h e  poss i b l e  role of n o n - s e r o t o n e r g i c  n e u r o ­
t r a n s m i t t e r s  in o v u l a t i o n - m a i n t a i n i n g  effect of aMT. As p r e v i o u s l y 
reported, e l e c t r o l y t i c  des t r u c t i o n  of SCN provokes CEA s tate in 9 2 %  of 
animals in normal LD conditions, with an i n c idence s i g n i f i c a n t l y  higher 
than that induced by neuro t o x i c  lesion (Pf0.05). Neither e l e c t rolytic, nor 
p h armacological d a m a g e  of DR and MR  affects o v u lation in LD con d i t i o n s .  On 
the other hand, not any lesion appears to hinder the d e v e l o p m e n t  of CEA 
state in rats kept in LL. With regard to  o v u l a t i o n - m a i n t a i n i n g  effect of
aMT, both t y p e s  of lesions app e a r  high l y  inhib i t o r y  when placed in SCN.
Instead lesions of midb r a i n  r aphe nuclei, and p a r t i c u l a r l y  of MR, are only 
e f f e c t i v e  when e l e c t r o l y t i c  d e s t r u c t i o n  is c o ncerned. N eurotoxic dam a g e  of
Fig. 5. Percent o c c u r r e n c e  of CEA state in rats m a i n t a i n e d  in normal 
LD cycles or in LL and t r e a t e d  d a i l y  with 10jjg Mel (aMT), and 
bearing eit h e r  e l e c t r o l y t i c  d e s t r u c t i o n  or 5 , 7 - D H T  lesion of 
SCN or of midb r a i n  dorsal (DR) or median (MR) r aphe nucleus.
• P< 0 . 01 vs sha m  LL+Mel; X  P<0 . 01 vs c o r r e s p o n d i n g  LL and LD.
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seroto n e r g i c  c o m p o n e n t s  of both nuclei r e s u l t s  in a n o t - s i g n i f i c a n t  
r e d uction of t h e  o v u l a t i o n - m a i n t a i n i n g  eff e c t  of a M T  (Fig. 5) (Ruszás et 
al.,1982).
All t o g e t h e r  t h e  r e sults of t h e s e  e x p e r i m e n t s  c o n f i r m  that the 
a b s o l u t e  in t e g r i t y  of SCN, and p a r t i c u l a r l y  of its HT  component, is only 
essential a mong t h e  struc t u r e s  invest i g a t e d  to r e g u l a t e  o v u l a t o r y  c y c l i c ­
ity and t o  me d i a t e  r e p r o d u c t i v e  m o d u l a t o r y  effect of aMT. Glass and Lynch 
(1982) reach s i m i l a r  c o n c lusion, by s howing tha t  i n t r a h y p o t h a l a m i c  
i njections of a M T  only eli c i t  gonadal regression, when located into 
v i c i n i t y  of SCN.
Our r e sults also d e m o n s t r a t e  that midbr a i n  raphe nuclei play a minor 
role, p r o b a b l y  a side effect, in this mechanism.
In thi s  c o n n ection, t h e  sig n i f i c a n t  p revention of aMT action c o n s e ­
quent on midb r a i n  e l e c t r o l y t i c  destruction, but not on specific n eurotoxic 
damage, seems t o  s uggest t h a t  d e s t r u c t i o n  of n o n - s e r o t o n e r g i c  pathways 
located in t h e  sa m e  areas could c o n t r i b u t e  to t h e  effect of electr o l y t i c  
lesions. A c cordingly, we sho w e d  th a t  n e u r o t o x i c  lesion of SCN norepi-  
n e p h r i n e r g i c  s y s t e m  affects ovarian func t i o n  of rats in normal LD cycles, 
and Niles et al. (1983) and Steg e r  et al. ( 1984) repo r t e d  t h a t  short 
p h o t o p e r i o d s  and Px inf l u e n c e  cortical and h y p o t h a l a m i c  c a t e c h o l a m i n e  
levels and turnover.
T h e s e  data, which suggest a poss i b l e  involvment of other n e u r o t r a n s ­
m i t t e r  systems in thi s  n e u r o e n d o c r i n e  process, will be f u r t h e r  di s c u s s e d  
by Dr. Ruzsís.
Still a final point th a t  d e s e r v e s  c o n s i d e r a t i o n  is t h e  poss i b l e  
f unctional m e a n i n g  o f  a M T - i n d u c e d  i n c r e a s e  in m i d b r a i n  HT  content, as 
d e m o n s t r a t e d  a l s o  b y  several prev i o u s  r e ports (Antö n - T a y  et al.,1961; 
C o tzias et al.,1971; Ca s s o n e  et a 1.,1983).
Midb r a i n  is known as t h e  m a j o r  source of HT pro j e c t i o n s  to  fo r e b r a i n  
and SCN, whose me t a b o l i c  a c t i v i t y  is inhibited by t h e s e  HT a f f e r e n c e s  at 
p a r t i c u l a r  t i m e  of the d a y  in rela t i o n  with phasic re l e a s e  of LH (Háry et 
al., 1982). However, our r esults suggest that as c e n d i n g  HT s y s t e m  is not 
essential for a M T - i n d u c e d  o v u l a t o r y  surge of LH.
A c cordingly, a t t e m p t s  to  lesion m i d b r a i n  r a p h e  nuclei f a i l e d  to 
inhibit d a i l y  f l u c t u a t i o n s  of several hormones, i n c luding LH, while they  
r e s u l t e d  in a lower overall mean s erum level of the same hormones' (Kordon 
et al.,1981).
Thus, t h e  p o s s i b i l i t y  exists tha t  aMT may i n f luence t h e  a m p l i t u d e  of 
cyc l i c  LH r e l e a s e  tro u g h  m i d b r a i n  HT system.
On t h e  o t h e r  hand, aMT action on a p r imary sou r c e  of HT  fib e r s  to 
f o r e b r a i n  may ha v e  c o n s e q u e n c e s  for mor e  g e n e r a l i z e d  ch a n g e s  in overall 
brain exci t a b i l i t y ,  in v o l v i n g  n e u r o p h y s i o l o g i c a l  and behavioral processes  
(Healy et al., 1981; Pucilowski and Kostowsky, 1983).
C O N C L U D I N G  REMARKS
1. Pineal o rgan e i t h e r  inhibits or stimu l a t e s  a va r i e t y  of n e u r o ­
p h y s i ological and n e u r o e n d o c r i n e  processes.
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2. aMT appears to r e p r o d u c e  all activ i t i e s  of the pineal.
3. Other indole d e r i v a t i v e s  are eith e r  ine f f e c t i v e  or less e f f e c t i v e  
than aMT. One of t h e i r  possi b l e  functions, gr a n t e d  that othe r s  exist, is 
to st i m u l a t e  pineal H I O M T  acti v i t y  for aMT synthesis.
4. Reasonably, aMT cannot s p e c i f i c a l l y  i n f luence so large a v a r i e t y  of 
specific f unctions. Its action has to pe r f o r m  at a high general level of 
integration.
5. Brain HT s y s t e m  is a good c a n d i d a t e  for aMT action; it r e g ulates 
sam e  f u n c t i o n s  aMT affects.
6. aMT influences HT c o ntent and/ o r  t u r n o v e r  of h y p o t h a l a m u s  and 
midbrain. A b s o l u t e  in t e g r i t y  of SCN and its HT  c o m p o n e n t  is essential to 
m e d i a t e  a M T  action on reproduction.
7. aMT seems to m o d u l a t e  n e u r o e n d o c r i n e  and n e u r o p h y s i o l o g i c a l  
processes via h y p o t h a l a m i c  and m e s e n c e p h a l i c  serot o n e r g i c  system.
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INTRODUCTION
The p in e a l gland m ediates the in h ib ito r y , as w e ll  as the stim u la ­
tory  in f lu e n c e s  o f  the photoperiod on gonadal a c t iv i t y  in  mammalian 
sp e c ie s  / f o r  review s Hoffmann 1979, 1981; R e ite r  1 9 8 0 /, During the  
l a s t  few y e a r s , the e f f o r t s  o f  our working group have been devoted to  
the id e n t i f ic a t io n  o f the neural pathways through which the p in ea l 
gland tran sm its the p h otop eriod ic  in form ation  to  the hypothalamo -  
p itu ita r y  -  gonadal system  in  the r a t .  Our data have in d ic a te d  th a t  
the sero to n erg io  system  rep resen ts  an im portant l in k  in  the mechanism 
by which the p in e a l hormones / a t  l e a s t  m ela ton in / in flu en ce  gonadal 
a c t iv i t y .
The p resen t work attem pts to  review  the new experim ental evidence  
su g g estin g  a p o ss ib le  r e la t io n s h ip  between the p in e a l gland and o th er  
monoaminergic, n on -sero ton erg ic  n eu rotran sm itter  mechanisms in  the  
r e g u la tio n  o f the gonadal system .
Since the p in e a l gland seems to  rep resen t a modulator o f  the  
neuroendocrine c ir c u i t s  ra th er  than a b a sic  co n tr o l mechanism /M ess e t  
a l ,  1981, 1 9 8 3 /, i t  may be assumed th at the p in e a l hormones in flu e n c e  
rep rod u ctive fu n c tio n  in  the ra t v ia  b rain  n eu rotran sm itter  system s.
In our experim ental model, the con stan t estro u s-a n o v u la to ry  r a t ,  
the L u te in iz in g  Hormone /L H /-re lea se  mechanism i s  damaged due to  a 
d e f ic ie n c y  o f th ese  presumed n eu rotran sm itter s t im u li .
IMPORTANCE OP THE SUPRACHIASMATIC NUCLEI /  SCN /  IN THE ORGANIZA­
TION OP CYCLIC NEUROENDOCRINE PROCESSES
The tim ing o f the p h asic  r e le a se  o f LH, w ith  resp ect to  the photo­
p er io d , req u ires  a complex o rg a n iza tio n  th a t guarantees the appropriate  
response to  changes in  environm ental c o n d it io n s .
I t  i s  n ecessary  to  underscore the o r u o ia l r o le  o f  the SCN in  the 
o rg a n iza tio n  o f c y c l ic  neuroendoorine rhythms th a t presumably are  
coupled w ith  the day-n ight c y c le .  S evera l s tu d ie s  su ggest th at the SCN 
are re sp o n sib le  fo r  the sy n ch ro n iza tio n  o f gonadal a c t iv i t y  w ith  en v i­
ronmental l ig h t in g  c o n d itio n s  /Meyer and Quay 1976; Turek e t  a l ,  1983 / 
w ithout in v o lv in g  the p in e a l g lan d . On the o th er hand, the SCN
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a ls o  are in vo lved  in  the gen era tion  o f d a ily  rhythms w ith in  the p in ea l 
g lan d , s in ce  the a b la t io n  of th is  b ra in  reg ion  a b o lish e s  the c irca d ia n  
rh yth m icity  o f m elatonin  production  /Moore 1974? Moore and K le in  1974 /. 
L ight im pulses pass to  the SCN through the retinohypothalam ic pathway 
/Moore e t  a l .  1967? Moore and Lenn 1972? Moore and E ich ler  1 9 7 6 /.
S ince p in e a l s e c r e t io n  i s  regu la ted  by the SCN v ia  a p r o je c tio n  of 
sym pathetic f ib r e s  /Kappers 1965? Moore 1 9 7 8 /, the p in ea l hormones pro­
v id e  the neural s ig n a l th a t tran sm its the p h otic  response to  the hypo- 
thalamo -  gonadal system  /B ittm an e t  a l .  1979, 1983? Rusak 1 9 8 0 /. 
Changes in  the photoperiod , a c t in g  v ia  the SCN, a l t e r  the rhythm o f me­
la to n in  s e c r e t io n . The SCN have been dem onstrated to  co n tr ib u te  to  the 
su p p ression  o f m elatonin  sy n th e s is  due to  continuous l ig h t  exposure 
/N ish in o  e t  a l ,  1 9 7 6 /.
Furthermore, the p in e a l gland and SCN seem to  be r e c ip r o c a lly  con­
n ected . The h igh  a f f i n i t y  b inding o f m elatonin  by the SCN su g g ests  the 
presence of s p e c i f ic  recep to rs fo r  m elatonin in  t h is  reg ion  /C ard in a l!  
e t  a l .  1979? N ile s  e t  a l .  1 9 7 9 /. Immunohistochemical s tu d ie s  /Bubenik 
e t  a l .  1 9 7 6 /, im plants or m icro in jec tio n s  of m elatonin  in to  the SCN 
/G la ss  and Lynch 1981, 1982 / a ls o  confirmed the h y p oth esis  th at the 
SCN are an im portant ta r g e t  area fo r  m elatonin .
F ig . 1 . rep resen ts  the presumed r e c ip r o c a l con n ection s between 
the SCN and the p in ea l gland in  the r e g u la tio n  o f p itu ita r y  hormone 
s e c r e t io n .
F ig . 1 . P o ss ib le  rou tes and con n ection s between p in ea l gland and SCN 
in  m ediating l ig h t  im pulses towards p itu ita r y  hormone s e c r e ­
t io n .
A bb rev ia tion s: CC: corpus callosum
Fx: fo r n ix
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The a forem entioned data stim u la ted  us to  in v e s t ig a te  the s i g n i f i ­
cance o f  the fa c t  th at the SCN r e ce iv e  a large  aboundance o f  nerve t e r ­
m inals o r ig in a tin g  from d if fe r e n t  n eurotransm itter system s /Fuxe 1965; 
Saavedra e t  a l .  1974a,b; Van de Kar and Lorens 1 9 7 9 /. These l a t t e r  
m orphological fin d in g s  seem to  be in  accordance w ith  our p rev io u sly  
proposed h yp oth esis  th a t the p in e a l hormones ex er t th e ir  a c t io n  on 
monoaminergic pathways /Mess e t  a l .  1991, 1983 / term inating  in  the SCN 
th a t co n tro l p itu ita r y  LH r e le a se  /Rúzsás e t  a l .  1 9 8 3 /.
P rev io u sly , the a t te n t io n  o f our group was focused  upon the im­
portance o f the sero to n erg ic  con n ection s o f the SCN in  m ediating the 
a c t io n  o f m elatonin  in  terms ovarian c y c l i c i t y  in  the ra t /T r e n tin i e t  
a l .  1979; Rúzsás e t  a l .  1981, 1982, 1 983 /.
However, the SCN a ls o  were demonstrated to  con ta in  h igh  concen­
tr a t io n s  o f ca techolam ines, both norepinephrine /  NE /  and dopamine 
/  DA / ,  according to  the data o f P a lk o v its  e t  a l .  /1 9 7 4 / .  D a ily  
rhythms in  the number ofo( -  and ß -ad ren erg ic  and dopaminergic recep­
to r s  regu la ted  by the SCN a ls o  were documented. The a b la t io n  o f the 
SCN a b o lish e s  th ese c irca d ia n  rhythms /Kafka e t  a l .  1 9 8 3 /.
These data su ggest th at the SCN might a c t v ia  d if fe r e n t  neuro­
tra n sm itter  system s, o ther than sero to n in , organ izing  the rh ythm icity  
o f neuroendocrine ev en ts  th at are a s so c ia te d  w ith  the lig h t-d a r k  c y c le .
DATA SUGGESTING THE POSSIBLE INVOLVEMENT OP CATECHOLAMINES IN THE
MELATONIN CONTROL OP OVULATION
In order to  b e tte r  understand the complex p in ea l mechanisms regu­
la t in g  reproductive p ro cesses  in  the r a t ,  in  our fu rth er  experim ents, 
the p o ss ib le  r o le  o f  n on -sero ton erg ic  brain  n eurotransm itters was in ­
v e s t ig a te d .
As was mentioned in  the in tro d u ctio n , sero to n in  has been proved 
to  be an important but not n e c e s sa r ily  the s in g le  reg u la to r  of c y c l ic  
gonadotrophin r e le a se  in  the r a t .  C lear temporal r e la t io n sh ip  was dem­
on strated  between in creased  NE turnover r a te s  in  the median eminence 
/  ME /  and the preovulatory d ischarge o f LH in to  the plasma /Homma and 
Wuttke 1 9 8 0 /. Thus, NE seems to  i n i t i a t e  the d ischarge o f  gonadotro­
phins by evoking the r e le a se  of LHHH from the nerve term in als o f the 
ME in to  the p o rta l c ir c u la t io n . A dramatic in crease  in  NE turnover in  
the SCN was d etec ted  a t  the time o f the preovulatory LH surge /Ranee 
and Barraclough 1981; Ranee e t  a l .  1981 / th a t could be prevented by 
theci -ad ren erg ic  b lo ck er , C lonidine /Coen and Coombs 1 9 8 3 /.
The r o le  o f DA in  the r e g u la tio n  o f gonadotrophins i s  l e s s  c le a r .  
I t  seems to  be in h ib ito r y  under c e r ta in  co n d itio n s  /Sawyer e t  a l .1 9 7 4 / ,  
however, other s tu d ie s  f a i le d  to  demonstrate any co n clu siv e  e f f e c t  o f 
DA on LH se c r e t io n  /R u b in ste in  and Sawyer 1970; Tima and F lerkó 1974; 
Kimura e t  a l .  1 9 7 5 /. The data o f N egro-V ilar /1 9 7 9 /, however, appear 
to  in d ic a te  a perm issive r o le  o f DA in  the ovulatory c y c le ,  s im ila r  to  
th a t of sero to n in , as d escrib ed  p rev io u sly  /Rúzsás e t  a l .  1 9 8 3 /.
The involvem ent o f  catecholam ines in  the r e g u la tio n  o f the LH 
surge becomes even more ev id en t in  c e r ta in  typ es of the anovulatory  
syndrome in  the ra t which are co n sid era tio n s  in  our in v e s t ig a t io n s .
D ecreased hypothalam ic catecholam ine turnover r a te s  were d etec ted  
in  the ra t rendered anovulatory by neonatal androgen ization  /L ooking- 
land e t  a l ,  1 9 8 2 /. According to  the data o f  Tima and F lerkó /1 9 7 4 /,  
the lack  of o v u la tio n  in  the constant estrou s-a n o v u la to ry  ra t appears
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to  be the consequence o f the d e f ic ie n c y  o f  NE s t im u li fo r  the r e le a se  
o f LHRH.
In  c o n tr a s t , Fuxe e t  a l . / 1 9 7 2 /  reported  the p e r s is te n c e  o f high  
DA turnover in  the hypothalamus o f both the androgen s t e r i l i z e d  rat  
and the ra t exposed to  continuous illu m in a tio n  /  LL / .
Inform ation generated during the la s t  few years su g g ests  the 
p o s s ib i l i t y  th a t the p in ea l hormones are ab le  to  modulate the turn­
over o f  brain  n eu rotran sm itters other than sero to n in . A red u ctio n  in  
the a c t iv i t y  o f  DA tu b ero in fu n d ib u lar  neurons was dem onstrated in  the  
b lin d -a n o sm ic-, as w e ll  as in  the p in ealectom ized  ra t /Morgan and 
R eiter  1 9 8 2 /, R ecen tly , the group o f R e ite r  /1 9 8 4 / reported  changes in  
hypothalam ic NE and DA turnover as a consequence o f  photoperiod manipu­
la t io n s  th a t in flu e n c e  p in e a l a c t i v i t y .  According to  th ese  experim ents, 
the short photoperiod-induced  gonadal atrophy was a sso c ia te d  w ith  s ig ­
n if ic a n t  red u ction  o f NE and DA turnover in  the ME o f the Syrian ham­
s t e r .  P inealectom y reversed  the decrease in  NE turnover which was 
supposed to  be r e sp o n sib le  fo r  the lack  o f c y c l ic  gonadotrophin re­
l e a s e .  In  the Syrian  ham ster, hypothalam ic sero to n in  content was not 
a ffe c te d  by the sh ort photoperiod . In  c o n tr a s t , under LI exposure 
/ex trem ely  lo n g , con stan t p h o to p er io d /, T ren tin i e t  a l ,  /1 9 8 1 / demon­
s tr a te d  the decrease in  hypothalam ic sero to n in  turnover in  the rat  
th a t was reversed  by d a ily  m elatonin  a d m in istra tio n .
The recen t data o f  Sallanon  e t  a l .  /1 9 8 2 / a ls o  su g g est the e x i s t ­
ence o f  new ta r g e t  areas fo r  m elatonin  in  the b ra in . Using double RIA 
tech n iq u es, th ese  authors could  d e te c t  radioim m unoreactive m elatonin  
in  the A-]_, Ag groups o f  ca tech o lam in erg ic  c e l l s  in  the m edulla oblon­
g a ta , in  accordance w ith  the e a r l ie r  r e s u lt s  o f  Kopp e t  a l .  /1 9 8 0 / .  
S u r p r is in g ly , however, th ese  authors f a i l e d  to  dem onstrate immuno- 
r e a c t iv e  m elatonin  in  the m idbrain raphe n u c le i .  This l a t t e r  f in d in g  
i s  in  co n tra st w ith  e a r l ie r  r e s u lt s  /F r a sc h in i e t  a l .  1968; C ardinal! 
e t  a l .  1979; N ile s  e t  a l .  1979 / con sid er in g  th a t t h is  reg ion  i s  the 
main area o f  s p e c i f ic  m elaton in  re c e p to r s .
There i s  con sid erab le  evidence su g g estin g  a p o ss ib le  modulatory 
in flu e n c e  o f  m elaton in  on DA neurotran sm ission  which might be a ls o  
r esp o n sib le  fo r  the a c t iv i t y  o f  m elatonin  to  in flu e n c e  the neuroendo­
c r in e  system . Subnanomolar co n cen tra tion s /1 0 “7 , 10“8 M/ o f  m elatonin  
were demonstrated to  in h ib it  DA r e le a se  from hypothalam ic t i s s u e  /Z i -  
sa p e l and Laudon, 1 9 8 4 /.
In  the l a s t  few y e a r s , DA neurons were h yp oth esized  to  rep resen t  
a p h o to se n s it iv e  system  which might be in vo lved  in  the tran sm ission  
o f  p h otop eriod ic  in form ation  to  the se c r e to ry  rhythm o f the p in ea l  
gland /Pang e t  a l  1980; F rederick  e t  a l .  1982; Morgan and Kamp 1 9 8 3 /.
CATECHOLAMINERGIC PATHWAYS OF THE BRAIN STEM IMPLICATED IN THE 
MEDIATION OF THE PROGONADOTROPHIC ACTION OF MELATONIN
According to  our p rev iou s s tu d ie s  sero to n erg io  f ib e r s  p ro jec tin g  
from the midbrain raphe n u c le i to  the SCN play an im portant r o le  in  
the mechanism by which prolonged m elaton in  ad m in istra tio n  r e s to r e s  
reproductive a c t iv i t y  in  the LL exposed ra t /R úzsás e t  a l .  1981, 1982, 
1 9 8 3 /. S ince both o f  th ese  reg ion s eq u a lly  r e c e iv e  numerous p r o je c tio n s  
from the catecholam inergio  system , i t  seems presumable th at c a te c h o l­
am inergic pathways might in flu e n c e  the a c t iv i t y  o f  sero to n erg ic  neurons
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thereby m odifying the resp o n siv en ess  o f  the sero to n erg ic  system  to  
m elaton in .
The p o s s ib i l i t y  o f  an in te r a c t io n  between sero to n erg ic  and c a te -  
cholam inergie system s seems to  be supported by neuroanatom ical and 
pharm acological ev id en ce ,
A , /  Cateoholam inergio con n ection s o f the m idbrain raphe n u c le i
H istochem ical s tu d ie s  have d etec ted  the presence o f  cateoholam in- 
e r g ic  f ib r e s  in  the c lo s e  proxim ity o f  the seroton in -p rod u cin g  p e r i-  
karya o f the d orsa l /  DR /  and median /  l£R /  raphe /R oizen  and Jaoo- 
bow itz 1 9 7 6 /, These catech o lam in erg ic  term in a ls have been shown to  
en ter  in  sy n a p tic  con tact w ith  sero to n erg ic  c e l l  b o d ie s . The presence  
o f catecholam ines and catecholam ine-producing enzymes was a ls o  de­
te c te d  in  the midbrain raphe n u c le i .  According to  the s tu d ie s  o f  Saa­
vedra e t  a l ,  /1 9 7 6 /, DR co n ta in s a h igh  l e v e l  o f  ME, o n e-th ird  the 
con cen tra tio n  o f th a t o f  se r o to n in , and a sm all amount o f  DA, The in ­
f lu e n c e  o f  DA on sero to n erg ic  neurons i s  su ggested  by the fa c t  th a t  
the DA a g o n is t , apomorphine was dem onstrated to  in crea se  sero to n in  
oontent in  the DR, w h ile  the DA a n ta g o n is t , h a lo p er ld o l provoked a 
remarkable decrease in  the sero to n in  l e v e l  o f  th is  nu cleu s /L ee and 
Geyer 1 9 8 2 /,
S ero ton erg ic  c e l l  b od ies lo c a te d  in  the DR /  Bj c e l l  group /  and 
MR /  Bq c e l l  group /  r e c e iv e  numerous p r o je c tio n s  o r ig in a t in g  from the 
lo c u s  co eru leu s /  Ag c e l l  group / .  This p r o je c t io n  rep resen ts  the 
major input to  the m esencephalic raphe n u c le i /Fuxe 1965} Louizou 1969; 
U ngerstedt 1971; Chou and Bloom 1 9 7 4 /. /  P ig , 2 . /
B. / C atecholam inergic con n ection s o f  the SON
The SCN co n ta in  h igh  co n cen tra tio n s o f  NE and DA, in  a d d itio n  to  
sero to n in  /  P a lk o v its  e t  a l ,  1974 / .  According to  the data o f  Sakai e t  
a l .  /1 9 7 7 /,  obtained by the h orserad ish  peroxidase tech n iq u e, a neural 
pathway was id e n t i f ie d  o r ig in a t in g  from NE neurons lo c a te d  in  the lo cu s  
coeru leu s p r o je c tin g  v ia  the median fo reb ra in  bundle and term inating  
in  the SCN.
SCN a ls o  r e c e iv e  DA f ib r e s ,  although in  sm aller  p rop ortion , 
s in c e  the d e str u c tio n  o f the ascending n ig r o s t r ia t a l  DA system  lea d s  
to  a decrease in  DA con ten t o f  the SCN /K izer  e t  a l .  1 9 7 6 /. E le c tr o -  
p h y s io lo g ic a l data o f N ishino and Koizumi /1 9 7 7 / provided evidence  
f o r  the presence o f both sero to n in  and NE s e n s i t iv e  neurons in  the  
SCN, These n eu rotran sm itters are in v o lv ed  in  the r e g u la tio n  o f c ir c a ­
d ian  rhythms.
C»/ In te r a c t io n  o f catecholam ines and m elaton in  in  the  
con stan t e stro u s-a n o v u la to ry  /  CEA /  ra t
In  the p resen t experim ents, the in flu e n c e  o f d e str u c tio n  o f  NE 
and DA input o f  the DR, MR or SCN, the presumed s i t e s  o f a c t io n  o f  
m elaton in , was in v e s t ig a te d  on the progonadotrophic e f f e c t  o f mela­
to n in  in  the ra t exposed to  1 1 .
Adult fem ale r a ts  were subm itted to  d is c r e te  chem ical le s io n s  o f  
the NE and DA con n ection s o f  the DR, MR and o f the SCN. 6-hydroxy- 
dopamine, the neurotoxin  fo r  ca tech o lam in e-con ta in in g  neurons, was 
a p p lied  by lo c a l  s te r e o ta x ic  m ic r o in je c tio n  in to  the above mentioned
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F ig . 2 . Monoaminergic pathways o f the brain  stem .
/On the base o f  U ngerstedt 1971/
A b breviations: CC: corpus callosum  5-HT: sero to n in
Fx: fo r n ix  
CHO: chiasma opticum
n u c le i .  The neurotoxin  was ap p lied  in  com bination w ith  e ith e r  des -  
methylimipramine /  DMI /  or ben ztrop in , to  d is c r e t e ly  damage the NE 
or DA system s. DMI /  25 m gAg, in tr a p e r ito n e a lly  /  was in je c te d  45 min 
p r io r  to  the a p p lic a t io n  o f the n eu rotoxin , in  order to  prevent the 
d e str u c tio n  o f NE nerve en d in gs, thereby enhancing the s p e c i f i c i t y  o f  
6-hydroxy-dopamine in  le s io n in g  DA neurons. Pretreatm ent w ith  benz -  
tr o p in  lead s to  the s e le c t iv e  in ju ry  o f  the NE system  /Herve e t  a l .  
1 9 8 2 /, thereby b lock in g  the uptake o f  the n eurotoxin  in to  DA term in als;  
the DA system  thus remains p ro tec ted .
T h erea fter , from the f i r s t  p o sto p era tiv e  day, the r a ts  bearing  
the n eu rotox ic  le s io n  were exposed to  LI fo r  4 months and tr e a te d  
d a ily  w ith  10 ug m elaton in . V aginal smears and occurrence o f  corpora  
lu te a  were recorded.
a . /  N eurotoxic le s io n  o f the NE system
Neurotoxio in ju ry  o f  the NE term in als w ith in  the in v e s t ig a te d  
b ra in  areas led  to  the r e s u lt s  summarized in  F ig . 3 . and Table 1 .
F ig , 3 . dem onstrates the e f f e c t  o f  NE term inal in ju ry  on the  
%  in c id en ce  o f  r a ts  showing v a g in a l o y c l i c i t y .  Under normal l ig h t  -  
dark c o n d itio n s  /  14:10 / ,  the c y c l i c i t y  remained preserved in  n ear ly
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F ig . 3 . Percentage occurrence o f  normal c y c l i c i t y  in  continuous  
l ig h t  /  LI /  exposed r a ts  bearing n eu rotox ic  le s io n  o f  
n orep in ep h rin ergic  /  NE /  term in a ls in  d if f e r e n t  brain  
areas w ith  or w ithout m elatonin  /  Mel /  treatm ent.
9056 o f anim als le s io n e d  in  the DR and MR. SCN le s io n s  reduced the  
occurrence o f c y c lin g  r a ts  to  75$ . None o f the ap p lied  le s io n s  a l  -  
tered  the e f f e c t  o f  LL exposure upon the v a g in a l c y c le  as in d ic a te d  
by the s ig n i f ic a n t ly  lowered proportion  o f c y c lin g  r a ts  in  each g: 'oup 
/d o tte d  l i n e s / .  In  the sham operated LL exposed groups /heavy l i n e s / ,  
d a ily  m elatonin  treatm ent m aintained the c y c l i c i t y  in  about 70$ o f  
an im als. D egeneration  o f  NE con n ection s o f  DR s l i g h t l y  reduced the  
e f f e c t  o f  m elaton in . In  c o n tr a s t , le s io n  o f  MR markedly counteracted  
the e f f e c t  o f  m elatonin; t h is  e f f e c t  was even more pronounced when 
NE nerve endings o f SCN were d estroyed .
Table 1 . dem onstrates the presence o f corpora lu te a  in  the 
o v a r ies  o f anim als bearing le s io n s  o f  the NE term in als in  the d i f f e r ­
en t brain  r e g io n s . Under LD c o n d it io n s , in ju r y  o f the SCN s l ig h t ly  r e ­
duced the ovu latory  frequency, w h ile  midbrain raphe le s io n s  were not 
in f lu e n t ia l  in  th is  r e s p e c t . LL exposure prevented lu t e in iz a t io n  in  
each type o f  the le s io n  bearing groups, s im ila r ly  to  the sham oper -  
a ted  an im als. In  the sham operated group, m elatonin  treatm ent main­
ta in ed  lu t e in iz a t io n  in  more than 70$ o f anim als /  0 ,0 1  / ,  in  con-
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•fcrast to  LL exposure a lo n e . D estru ctio n  o f HE con n ection s o f MR and SCN 
prevented the lu te in iz a t io n  inducing e f f e c t  of m elaton in , as evidenced  
by the s ig n if ic a n t  red u ction  in  the %  o f r a ts  showing lu t e in iz a t io n ,  
compared to  the sham operated m elatonin  trea ted  group. L esion o f HE 
term in a ls lo c a l iz e d  in  DR f a i l e d  to  in flu e n c e  the e f f e c t  o f  m elatonin .
Table 1.
EFFECT OF NEUROTOXIC LESION OF THE NOREPINEPHRINERGIC NERVE TERMINALS 
LOCATED IN DIFFERENT BRAIN AREAS ON THE OCCURRENCE OF CORPORA LUTEA 
IN RATS EXPOSED TO CONTINUOUS LIGHT / LL / AND TREATED WITH MELATONIN
Experimental Occurrence of corpora lutea Statistical







9 / 1 0
5 / 8
8 / 1 0
8 / 1 0





5. Sham 1 / 1 2 8,3 p< 0,01 vs. gr. 1
6. Suprachiaematic 0 / 8 0,0 p < 0,05 vs. gr. 2
nuclei
7. Median raphe 0 / 1 0 0,0 PC 0,01 vs. gr. 3
8. Dorsal raphe 0 / 7 0,0 PC 0.01 vs gr. 4
L L + Melatonin
9. Sham 10 / 14 71,4 p<0,01 vs. gr. 5
10. Suprachiasmatic 1 / 1 2 8.3 p < 0,01 vs. gr. 9
nuclei and vs. gr. 2
11. Median raphe 1 / 9 11,1 p < 0,01 vs. gr. 9
12. Dorsal raphe 5 / 8 62,5 and vs. gr. 3
g . /  H eurotoxic le s io n  o f the DA system
L esions o f the DA term in als in  the same brain  areas gave mainly 
n eg a tiv e  r e s u l t s .  Pharm acological in ju ry  o f the DA system , in  any 
type o f lo c a l iz a t io n ,  f a i l e d  to  in h ib it  the e f f e c t  o f m elatonin  ex -  
er ted  upon the gonadal system .
Data o f  th ese  s e r ie s  are summarized in  Table 2 ,
These r e s u lt s  show that the DA system  i s  not in f lu e n t ia l  on the 
e f f e c t  o f  m elatonin  ex erted  upon the form ation o f corpora lu te a .
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Table 2.
EFFECT OF DAILY MELATONIN TREATMENT ON 'THE FORMATION OF CORPORA LUTEA 
AND ON THE INCIDENCE OF THE ESTROUS PHASE IN THE VAGINAL CYCLE IN LL 
EXPOSED RATS BEARING NEUROTOXIC LESION OF DOPAMINERGIC CONNECTIONS 




No /  T otal
lu te in iz a t io n
%
%  in c id en ce  of 
e stro u s  phase
LL + M elatonin
Sham 8 / 1 2 66 ,7 32 ,7
DR 6 / 1 2 50,0 74 ,2*
MR 4 / 1 0 40,0 6 9 ,2X
SCN 4 / 1 2 33 ,3 6 5 ,9X
x p< 0 ,0 5  v s .sh a i
However, le s io n s  o f  DA term in als r e su lte d  in  a con sid erab le  prolonga­
t io n  o f the e stro u s  phase o f the v a g in a l c y c le ,  compared to  m elatonin  
tr e a te d , sham operated r a t s ,  independently  o f the lo c a l iz a t io n  o f the 
n eu rotox ic  le s io n .  These l a t t e r  data su g g est th at a minimal le v e l  o f  
DA might be required  fo r  the e f f e c t iv e n e s s  o f exogenous m elaton in .
F ig . 4 . shows the e f f e c t  o f  s p e c i f ic  damage o f NE and DA connec­
t io n s  o f  the in v e s t ig a te d  brain  areas compared to  the e f f e c t  o f  s e le c ­
t iv e  chem ical le s io n  o f the sero to n erg ic  system  /b y  5 ,7-d ih yd roxy  -  
tryp tam in e/ in  the same lo c a l iz a t io n .  D estru ctio n  o f NE and sero to n ­
e r g ic  term in a ls o f the SCN proved to  be eq u a lly  e f f e c t iv e  in  prevent­
in g  the lu te in iz in g  a c t io n  o f m ela ton in . These r e s u lt s  su ggest the  
p o s s ib i l i t y  th a t NE and sero to n erg ic  term in a ls o f  the SCN may be 
eq u a lly  in vo lved  in  the r e g u la tio n  o f c y c l ic  gonadotrophin r e le a se  
a c t iv a te d  by m elatonin  under LL exposure. Chemical in ju ry  o f  NE nerve 
endings o f  MR s ig n i f ic a n t ly  prevented the e f f e c t  o f  m ela ton in , com -  
pared not on ly  to  the sham operated , but a ls o  to  the 5 ,7 -d ih yd roxy-  
tryptam ine /  5,7-DHT /  le s io n  bearing group. These data lead  to  the 
assum ption th a t NE con n ection s o f  MR could  modify the e f f e c t  o f  mela­
to n in ’s in flu e n c e  on the sero to n erg ic  pathways o r ig in a t in g  from th is  
b ra in  r e g io n . M elatonin’s e f f e c t  was not in flu en ced  by any type o f  
n eu rotox ic  le s io n  lo c a l iz e d  in  the DR. N eurotoxic le s io n  o f the DA 
term in a ls was s ig n i f ic a n t ly  l e s s  e f f e c t iv e  than s im ila r  d estr u c tio n  
o f the NE or sero to n erg ic  system .
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Pig. 4. Effect of melatonin treatment on the incidence of luteinize* 
tion in LI - exposed rats bearing separate lesions of the 
serotonergic,/ 5-HT /, norepinephrinergic / NE / and dopamin­
ergic / DA / terminals in SCN, median and dorsal raphe nuclei
X p< 0,05 vs. sham
X p < 0,05 vs. corresponding 5-HT lesioned group
X p < 0,05 vs. corresponding 5-HT lesioned and NE lesioned
group
As the final step of these investigations, the ovulation-inducing 
potency of NE, introduced into the brain ventricular system, was 
recorded in melatonin-treated LL-exposed rats bearing lesions of the 
NE terminals in the investigated brain areas. This experimental 
series was -undertaken in order to investigate whether the ovulation - 
inducing effect of melatonin could be restored by substitution of the 
neurotoxin-induced reduction of NE activity.
Pig. 5. demonstrates the changes in the ovulatory response to in­
creasing concentrations of NE in the brain of melatonin-treated groups 
In these series, the identification of the presence of tubal ova 
/after dissecting the oviduct in the estrous phase/ was considered as 
the index of ovulation.
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F ig . 5 . Induction  o f o v u la tio n  by in c r e a s in g  doses o f  NE, in je c te d  
in tr a v e n tr ic u la r ly  in  m elatonin  -  tr e a te d  I I  -  exposed r a ts  
bearing chem ical le s io n s  o f  norep inephrinergio  nerve endings 
lo c a te d  in  SON, median or d o rsa l /  MR; DR /  raphe n u c le i .
In  the sham -operated m ela to n in -trea ted  groups, enhanced s e n s i t i ­
v i t y  to  NE was observed compared to  the depressed r e a c t iv i t y  o f the 
s a l in e - t r e a te d  LL-exposed r a t s .  In  th is  l a t t e r  group, 5 vg o f  BE was 
weakly e f f e c t iv e  in  a f f e c t in g  the ovu latory  response on ly  the h igh er  
dose o f NE r e su lte d  in  a low percentage o f o v u la tio n . In DR le s io n e d ,  
m ela to n in -trea ted  r a t s ,  the s e n s i t i v i t y  to  NE was preserved /o n ly  
s l i g h t l y  dim inished compared to  sham -operated grou p /, w h ile  the r e a c t i ­
v i t y  to  NE was s ig n i f ic a n t ly  low er in  the MR le s io n e d  group /p <  0 ,0 1 / .  
The resp o n siv en ess  to  NE was even more dim inished in  SON le s io n e d  r a ts :  
th ese  anim als are n ea r ly  unable to  respond to  the low dose: only the  
h igh er dose o f  NE provoked o v u la tio n  w ith  very low frequency.
Since the SCN seem to  p lay  a prominent r o le  in  the mechanism 
r esp o n sib le  fo r  the r e le a se  o f  IHRE subserving  o v u la tio n , the d estru c­
t io n  o f t h is  f in a l  lin k  apparently  renders in e f f e c t iv e  a l l  the modu -  
la to r y  in f lu e n c e s ,  in c lu d in g  the p in ea l mechanisms. On the o th er hand, 
NE con n ection s o f o th er  b rain  r e g io n s , l ik e  MR, -  on the b a s is  o f  our 
data -  might s p e c i f i c a l ly  in te r a c t  w ith  in f lu e n c e s  d erived  from the  
p in e a l g land .
CONCLUSIONS AND SUMMARY OF THE RESULTS
The p resen t work was undertaken in  an attem pt to  survey the mono- 
am inergic n eu rotran sm itter  mechanisms by which the p in e a l gland con -  
t r o l s  reproductive fu n c tio n  in  the r a t .
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1 . The present r e s u lt s  confirm  the p rim arily  r o le  o f the sero ­
to n erg ic  system  in  the m ediation  o f the progonadotrophic a c t io n  of 
m elatonin  as proposed p rev io u sly  /T r e n t in i e t  a l .  1981; Rúzsás e t  a l .  
1 9 8 3 /.
2 . The data seem to  negate the involvem ent o f  the DA system  in  
m ediating the progonadotrophic a c t io n  o f m elatonin  under the in v e s t i ­
gated  c o n d it io n s ,
3 . These experim ents appear to  in d ic a te  th at the NE system , 
s im ila r ly  to  the sero to n erg ic  neurons, i s  e f f e c t iv e  in  tra n sm ittin g  
the e f f e c t  o f  p in e a l hormones on reproductive a c t iv i t y .  On the b a s is  
o f th ese  r e s u l t s ,  a NE mechanism, a c t in g  through the SCN, may a ls o  
operate as the f in a l  lin k  in  the e l i c i t a t i o n  o f the LH su rge, a c t i  -  
vated  by m elaton in .
Our previous proposal th a t sero to n in  rep resen ts  the main m ediator  
of p in e a l a c t iv i t y  c o n tr o ll in g  the reproductive system  seems to  be in  
accordance w ith  data obtained in  v it r o  /C a rd in a l! e t  a l .  1 9 7 5 /. In  
th ese  s tu d ie s ,  m elatonin  was 2-3 tim es more e f f e c t iv e  in  in h ib it in g  
hypothalam ic sero to n in  accum ulation than th at o f  ca tech o lam in es. These 
f in d in g s  confirm  th a t m elatonin  may a f f e c t  n eu rotran sm itter uptake 
ra th er  in  sero to n in , than in  ca tech o lam in e-con ta in in g  neurons.
4 . The present r e s u lt s  r a is e  the p o s s ib i l i t y  th a t , b e s id e s  sero ­
to n erg ic  p r o je c t io n s , the NE a f fe r e n ts  o f  the SCN co n tr ib u te  to  the 
a c t iv a t io n  o f th is  im portant co n tro l cen ter  organ izing  c irca d ia n  
rhythms and con seq u en tly , the c y c l ic  rhythm o f o v u la tio n .
S ero ton erg ic  con n ection s o f  the SCN were p rev io u sly  shown to  be a 
c r i t i c a l  component o f  the neural pathways m ediating the progonadotro­
phic a c t io n  o f  m elatonin  in  the LL-exposed ra t /R úzsás e t  a l .  1981, 
1982, 1 9 8 3 /. M elatonin, on the o th er hand, may in t e r f e r e ,  under cer­
ta in  c ircu m stan ces, w ith  o th er n on -sero ton erg ic  n eu rotran sm itters in  
in f lu e n c in g  the rhythmic r e le a se  o f LH. This NE mechanism probably  
may co n tro l the a c t iv i t y  o f  sero to n erg ic  pathways th at might be im­
portant in  the org a n iza tio n  o f LH r e le a s e .  Based on th ese r e s u l t s ,  
t h e o r e t ic a l ly ,  i t  can be assumed th a t a c r i t i c a l  balance between the 
sero to n erg ic  and NE system s i s  required  fo r  the ovu latory  d ischarge  
o f LH a f fe c te d  by m elaton in .
These data r a is e  the p o s s ib i l i t y ,  th e r e fo r e , th a t NE could a c t as 
c o -tr a n sm itte r  w ith  sero to n in  in  e l i c i t i n g  the r e le a se  o f LHRH stim u­
la te d  by m elaton in . This i s ,  a t p resen t, only a working h yp o th esis  
th a t req u ires  fu r th er  experim ental con firm ation .
5 . The review  o f the data seems to  promote the fo llo w in g  
concepts
M elatonin m odulates the c irca d ia n  o rg a n iza tio n  o f neuroendocrine 
rhythms in  the r a t ,  in f lu e n c in g  the a c t iv i t y  o f  the SCN th a t r e ce iv e  
in p u ts  from d if fe r e n t  components o f  the monoaminergic system s term i­
n a tin g  in  th ese n u c le i .
This complex system  appears to  be in vo lved  in  the m ediation  of 
environm ental l ig h t  im pulses subserving reproductive a c t iv i t y .
L ight in form ations rece iv ed  from the ey es presumably are in teg ra ted  
by the SCN. The hypothalamo -  p itu ita r y  system  u t i l i z e s  l ig h t  in fo r  -  
mation fo r  the tim ing o f the LH surge through n eu rotran sm itter s ig  -  
n a ls  o r ig in a t in g  from the SCN. The in form ation  about daylength  a ls o  
i s  tra n sferred  to  the p in e a l gland w ith  the involvem ent o f  the SCN, 
v ia  a c t iv a t io n  o f the sym pathetic nervous system . The m o d ifica tio n  o f
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p in e a l hormone s e c r e t io n  in f lu e n c e s  the a o t iv i t y  o f  the sero to n erg ic  
system  /Anton-Tay e t  a l .  1968; T ren tin i e t  a l .  1979; 1981 / as in d i -  
ca ted  by previous d ata .
However, based on the p resen t r e s u lt s  and those from the l i t e r a ­
tu r e , HE p r o je c tio n s  o f  the sero to n erg ic  raphe system  and o f the SCN 
might a ls o  be in vo lved  in  the mechanism by which m elatonin  in f lu e n c e s  
the a c t iv i t y  o f the SCN.
P ig . 5 . g iv e s  a schem atic summary o f th is  p o stu la ted  mechanism.
LIGHT
P ig . 5 . P ostu la ted  r o le  o f  brain  n eu rotran sm itters in vo lved  in  the  
reg u la to ry  mechanism by which m elatonin  in f lu e n c e s  the 
a c t iv i t y  o f  the suprachiasm atic n u c le i .
A bbreviations:
PG: p in ea l gland MEL: m elatonin
OC: o p tic  chiasma SCN: suprachiasm atic
Ag: norep inephrinergio  n u c le i
c e l l  group
NE: N oradrenergic tr a c t  
5-HT: S eroton erg ic  tr a c t
A ccord in g ly , i t  can be in fe r r e d  th a t m elaton in  might in te r a c t  
w ith  NE and sero to n erg ic  recep to rs  lo c a te d  in  the SCN g iv in g  r is e  to  
the neural s ig n a l e s s e n t ia l  fo r  the r e le a s e  o f  LHRH. However, i t  
seems probable th a t t h is  complex system  may in v o lv e  even more compo­
nents in  the o rg a n iza tio n  o f rhythmic neuroendocrine e v e n ts . Our data  
r a is e  the p o s s ib i l i t y  th a t p in e a l hormones co n tr ib u te  to  the p hasic  
r e le a s e  o f  LH not e x c lu s iv e ly  v ia  sero to n erg ic  pathways. NE seems to  
be req u ired  fo r  the m a n ife sta tio n  o f the progonadotrophic e f f e c t  o f
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m elaton in . The m o d ifica tio n  o f NE content o f  the SON might he probably 
the f in a l  s tep  in  t h is  reg u la to ry  mechanism.
S p e c u la t iv e ly , the h y p o th esis  th a t m elatonin  may in te r a c t  w ith  
d if fe r e n t  n eu ro tra n sm itters , could provide a p o ss ib le  ex p la n a tio n  o f  
m ela ton in ’ s m u ltip le  e f f e c t s  on reproduction .
The h e u r is t ic  sy n th e s is  o f  th ese  c o n f l ic t in g  and c o n tr o v e r s ia l  
data underscores the concept th a t the mechanism by which m elatonin  
a f f e c t s  reproduction  i s  con sid erab ly  more complex than p rev io u sly  
ap p rec ia ted .
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t h e  i n t e r a c t i o n  w i t h  m e l a t o n i n  b i n d i n g  s i t e s  ( a b o u t  1 Ü  n M ) .  I n  S y r i a n  
h a m s t e r s  l o c a l l y  a p p l i e d  m e l a t o n i n  p r e d o m i n a n t l y  i n h i b i t s  t h e  e l e c ­
* S u p p o r t e d  b y  g r a n t  f r o m  t h e  C o n s e j o  N á c i ó n á l  d e  I n v e s t i g a c i o n e s
C i e n t í f i c a s  y T é c n i c a s  ( C Q N I C E T ) . A r g e n t i n o .
* *  E s t a b l i s h e d  I n v e s t i g a t o r ,  C O N I C E T .
* * *  R e s e a r c h  F e l l o w ,  C O N I C E T .
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t r i c a l  a c t i v i t y  o f  a n t e r i o r  h y p o t h a l a m i c  n e u r o n s  u n d e r  c o n d i t i o n s  
w h e n  t h e  e x o g e n o u s  a d m i n i s t r a t i o n  o f  m e l a t o n i n  c a u s e s  i n v o l u t i o n  o f  
t h e  g o n a d s  ( O e m a i n e , 1 9 8 3 ) .
T h e  p r e s e n t  a r t i c l e  d e a l s  w i t h  t h e  b i o c h e m i c a l  i m p l i c a t i o n s  o f  
s o m e  o f  t h e  e f f e c t s  l i s t e d  a b o v e  p a r t i c u l a r l y  f r o m  t h e  s t a n d p o i n t s  o f  
p o s s i b l e  i n t r a c e l l u l a r  s e c o n d  m e s s e n g e r s  f o r  m e l a t o n i n  a c t i o n .  T h e  
i n t e r e s t e d  r e a d e r  i s  r e f e r r e d  t o  r e c e n t  r e v i e w s  f o r  t h e  d i s c u s s i o n  o f  
c u r r e n t  c o n c e p t s  o n  m e l a t o n i n  p h y s i o l o g y  n o t  c o v e r e d  h e r e i n  ( C a r d i n a l i  
1 9 8 1 a ;  G o l d m a n  a n d  D a r r o w , 1 9 8 3 ;  W a l d h a u s e r  a n d  L J u r t m a n ,  1 9 8 3 ) .
R E C E P T O R S
E a r l y  w o r k  s u p p o r t e d  t h e  e x i s t e n c e  o f  a  b r a i n  s a t u r a b l e  m e l a t o ­
n i n  u p t a k e .  T h e  i n t r a c i s t e r n a l  a d m i n i s t r a t i o n  o f  n o n - r a d i o a c t i v e  
m e l a t o n i n  t o  r a t s  d e p r e s s e d  t h e  s u b s e q u e n t  i n  v i v o  h y p o t h a l a m i c  u p ­
t a k e  o f  l a b e l e d  m e l a t o n i n  ( C a r d i n a l i  e t  a l . , 1 9 7 3 ) .  H o w e v e r  t h e  l o w  
s p e c i f i c  a c t i v i t y  o f  t h e  h o r m o n e  a v a i l a b l e  a t  t h e  t i m e  w h e n  t h o s e  
e x p e r i m e n t s  w e r e  p e r f o r m e d  p r e c l u d e d  t h e  p h y s i c o c h e m i c a l  e x a m i n a t i o n  
o f  t h e  p r e s u m p t i v e  h i g h  a f f i n i t y  b i n d i n g  o f  m e l a t o n i n  i n  b r a i n .
I n  1 9 7 8  t w o  L a b o r a t o r i e s  p u b l i s h e d  t h e  f i r s t  d e s c r i p t i o n  o f  t h e  
o c c u r r e n c e  o f  s p e c i f i c  b i n d i n g  s i t e s  f o r  m e l a t o n i n  i n  t i s s u e s .  C o h e n  
e t  a l .  ( 1 9 7 8 )  o b s e r v e d  c y t o s o l  b i n d i n g  s i t e s  i n  r a t  a n d  h a m s t e r  p e ­
r i p h e r a l  t i s s u e s  l i k e  t h e  o v a r y ,  u t e r u s ,  t e s t e s ,  l i v e r  a n d  e y e s  w i t h  
d i s s o c i a t i o n  c o n s t a n t  ( K d ) =  6  n M  f o r  h i g h  a f f i n i t y  s i t e s  a n d  5 5 G  n M  
f o r  l o w  a f f i n i t i e s  s i t e s .  N o  m e l a t o n i n  b i n d i n g  w a s  d e t e c t a b l e  b y  t h e  
d e x t r a n - c h a r c o a l  p r o c e d u r e  e m p l o y e d  i n  b r a i n .  S t r u c t u r a l  s p e c i f i c ­
i t i e s  o f  t h e  h i g h  a f f i n i t y  s i t e s  s u g g e s t e d  a r e q u i r e m e n t  f o r  t h e  
i n d o l e  g r o u p  a n d  d e c r e a s e d  a f f i n i t y  f o r  i n d o l e  d e r i v a t i v e s  l a c k i n g  
t h e  N - a c e t y l  g r o u p .  C a r d i n a l i  e t  a l .  ( 1 9 7 8 )  f o u n d  m e l a t o n i n  b i n d i n g  
a c t i v i t y  i n  c r u d e  m e m b r a n e  f r a c t i o n s  o f  b o v i n e  m e d i a l  b a s a l  h y p o t h a l ­
a m u s  ( M B H )  w i t h  K d =  1 2  n M  a n d  b i n d i n g  s i t e  c o n c e n t r a t i o n  o f  a b o u t  1 5  
f m o l e s / m g  p r o t .  B i n d i n g  a f f i n i t i e s  o f  m e l a t o n i n  a n a l o g u e s  i n d i c a t e d  
t h a t  t h e  5 - m e t h o x y  a n d  N - a c e t y l  g r o u p s  w e r e  n e e d e d  f o r  f u l l  e x p r e s ­
s i o n  o f  b i n d i n g  t o  M B H  m e m b r a n e s  a n d  t h a t  b i n d i n g  w a s  a b o l i s h e d  b y  
t h e  p r e s e n c e  o f  a 6 - h y d r o x y  g r o u p .  B i n d i n g  w a s  i n c r e a s e d  b y  a d d i n g  
C a ^ + , w a s  i n h i b i t e d  b y  e i t h e r  N a +  o r  K + , a n d  w a s  l o c a t e d  m a i n l y  i n  
t h e  c r u d e  s y n a p t o s o m a l  p e l l e t .  O t h e r  a r e a s  o f  t h e  b o v i n e  b r a i n  a l s o  
e x h i b i t e d  m e l a t o n i n  b i n d i n g  a c t i v i t y ,  b e i n g  a b o u t  7 0 %  a n d  3 0 %  t h a t  o f  
M B H  i n  t h e  o c c i p i t a l  a n d  c e r e b e l l a r  c o r t e x e s ,  w h e r e a s  i t  w a s  u n d e ­
t e c t a b l e  i n  a m y g d a l a ,  s t r i a t u m  o r  p o n s  ( C a r d i n a l i  e t  a l . , 1 9 7 9 ) .
D i f f e r i n g  f r o m  C o h e n  e t  a l ' s  r e p o r t ,  B r o w n  a n d  c o - w o r k e r s  ( 1 9 7 9 )  
d i d  f i n d ,  b y  u s i n g  t h e  d e x t r a n - c h a r c o a l  t e c h n i q u e ,  c y t o p l a s m i c  m e l ­
a t o n i n  b i n d i n g  i n  r a t ,  h u m a n  a n d  b o v i n e  b r a i n .  T h e  K d  o b s e r v e d  v a r i e d  
f r o m  9 n M  ( h y p o t h a l a m u s )  t o  3 0 2  n M  ( m i d b r a i n ) .  A s  i n  b o v i n e  s t r i a t u m  
( C a r d i n a l i  e t  a l . , 1 9 7 9 ) n o  s a t u r a b l e  b i n d i n g  o f  m e l a t o n i n  t D  r a t  
s t r i a t a l  m e m b r a n e s  w a s  o b s e r v e d  ( B r o w n  e t  a l . , 1 9 7 9 ) .
T h e  p o s i b i l i t y  t h a t  c y t o s o l  a n d  m e m b r a n e  m e l a t o n i n  b i n d i n q  s i t e s  
c o - e x i s t  i n  t h e  s a m e  t i s s u e  w a s  f i r s t  i n d i c a t e d  b y  L a n g  a n d S i z o n e n k o ' s  
o b s e r v a t i o n s  ( 1 9 8 0 ) .  I n  t h e  l i v e r  m e m b r a n e  a n d  c y t o s o l  b i n d i n g  s i t e s  
w e r e  f o u n d ,  t h e  f o r m e r  b e i n g  C a 2 +  d e p e n d e n t .  K d  v a l u e s  w e r e  B  n M  f o r  
m e m b r a n e  b i n d i n g  s i t e s  a n d  2 0  n M  f o r  c y t o s o l  b i n d i n g  s i t e s .  C o n c e n ­
t r a t i o n  o f  s i t e s  i n  l i v e r  m e m b r a n e s  w a s  a b o u t  1 0 %  t h a t  i n  t h e  c y t o s o l .  
A m o n g  t h e  v a r i o u s  t i s s u e s  e x a m i n e d  t h e  h i g h e s t  m e m b r a n e  m e l a t o n i n
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r e c e p t o r  c o n c e n t r a t i o n  w a s  f o u n d  i n  t h e  r a t  h y p o t h a l a m u s  a n d  p i t u ­
i t a r y  g l a n d .  T h e  c o e x i s t e n c e  o f  b r a i n  c y t o s o l  a n d  m e m b r a n e  m e l a t o n i n  
b i n d i n g  s i t e s  i s  f u r t h e r  s u p p o r t e d  b y  a  r e c e n t  r e p o r t  o f  N i l e s  ( 1 9 8 3 ) .  
H i g h  l e v e l s  o f  ^ H - m e l a t o n i n  b i n d i n g  w e r e  d e t e c t e d  i n  b r a i n  m e m b r a n e s  
s u b j e c t e d  t o  m u l t i p l e  w a s h i n g s .  B i n d i n g  a f f i n i t y  ( K d =  1 5 - 2 D  n M )  w a s  
c o m p a r a b l e  t o  t h a t  r e p o r t e d  b y  U a c a s  a n d  C a r d i n a l i  ( 1 9 7 9 )  i n  r a t  
b r a i n  P g  m e m b r a n e s  b u t  B m a x  w a s  a b o u t  2 5  t i m e s  g r e a t e r .  T h e  p h a r m a c o ­
l o g i c a l  f e a t u r e s  o f  b i n d i n g  i n d i c a t e d  t h a t  t h e  5 - m e t h o x y  s u b s t i t u e n t  
i s  n e c e s s a r y  f o r  b i n d i n g  ( N i l e s ,  1 9 8 3 ) .
A  n u m b e r  o f  r e p o r t s  i n d i c a t e d  t h a t  b o t h  p i n e a l  b i o c h e m i s t r y  a n d  
m o r p h o l o g y  a r e  a f f e c t e d  b y  t h e  e x o g e n o u s  i n j e c t i o n s  o f  m e l a t o n i n .  I f  
t h e  e f f e c t  o f  m e l a t o n i n  i s  e x e r t e d  d i r e c t l y  o n  p i n e a l  c e l l s  r a t h e r  
t h a n  i n d i r e c t l y  v i a  t h e  p i n e a l  s y m p a t h e t i c  n e r v e s  o r  t h r o u g h  a s e c o n d  
h o r m o n e  a c t i n g  o n  t h e  p i n e a l  g l a n d ,  m e l a t o n i n  r e c e p t o r s  s h o u l d  b e  
p r e s e n t  i n  t h e  g l a n d .  S u c h  s p e c i f i c  m e l a t o n i n  b i n d i n g  s i t e s  w e r e  d e ­
t e c t e d  b y  c o n v e n t i o n a l  r a d i o c h e m i c a l  t e c h n i q u e s  i n  b o v i n e  p i n e a l  m e m ­
b r a n e s  ( U a c a s  a n d  C a r d i n a l i , 1 9 8 G )  a n d  b y  a s e m i - q u a n t i t a t i v e  i m m u n o -  
h i s t o l o g i c a l  p r o c e d u r e  i n  r a t  p i n e a l  g l a n d s  ( E r o t a  e t  a l . , 1 9 8 1 ) .  M e m ­
b r a n e  p i n e a l  b i n d i n g  s i t e s  d i f f e r e d  i n  a  n u m b e r  o f  p r o p e r t i e s  f r o m  
t h o s e  o f  M B H ,  i n c l u d i n g  t h e i r  h i g h  K d  ( 7 D D  n M ) ,  i o n i c  d e p e n d e n c e  a n d  
s t r u c t u r a l  r e q u i r e m e n t s ;  w h e t h e r  o r  n o t  t h e y  r e p r e s e n t  p i n e a l o c y t e  
a u t o r e c e p t o r s  r e m a i n s  t o  b e  d e f i n e d .
A n o t h e r  p o t e n t i a l l y  r e l e v a n t  s i t e  o f  a c t i o n  f o r  m e l a t o n i n  i s  t h e  
r e t i n a .  T h e  m e l a t o n i n  f o r m i n g  e n z y m e  h y d r o x y i n d o l e - Q - m e t h y l  t r a n s f e r ­
a s e  i s  p r e s e n t  i n  t h e  m a m m a l i a n  r e t i n a ,  a n d  t h e  r a t  r e t i n a  i n  v i t m  
i s  c a p a b l e  o f  c o n v e r t i n g  s e r o t o n i n  i n t o  m e l a t o n i n  ( C a r d i n a l i  a n d  
R o s n e r , 1 9 7 1 ) .  I t  i s  n o w  a c c e p t e d  t h a t  t h e  m a m m a l i a n  r e t i n a  i s  a p h y s ­
i o l o g i c a l ,  s i g n i f i c a n t  s i t e  o f  s y n t h e s i s  a n d  l o c u s  o f  a c t i o n  o f  m e l a ­
t o n i n  ( R a l p h , 1 9 8 1 ) .  R e t i n a l  m e l a t o n i n  a f f e c t s  p h o t o m e c h a n i c a l  a d j u s t ­
m e n t  o f  p h o t o r e c e p t o r  c e l l s  a n d  p i g m e n t  e p i t h e l i u m ,  d i s c  s h e d d i n g  a n d  
r e t i n a l  d o p a m i n e  m e t a b o l i s m  ( G e r n  e t  a l . , 1 9 8 1 ;  B e s h a r s e  a n d  D u n i s ,  
1 9 8 3 ;  D u b o c o v i c h , 1 9 8 3 ;  O g i n o  e t  a l . , 1 9 8 3 ) .  P r e s u m p t i v e  m e l a t o n i n  r e ­
c e p t o r s  e x h i b i t i n g  a K d =  1 - 2  n M  a n d  a  s t r u c t u r e  r e q u i r e m e n t  r e s e m ­
b l i n g  t h o s e  o f  o t h e r  b r a i n  a r e a s  h a v e  b e e n  i d e n t i f i e d  i n  r e t i n a l  t i s ­
s u e  p r e p a r a t i o n s  ( G e r n  e t  a l . , 1 9 8 1 ) .
F o r  a l l  t h e  a f o r e m e n t i o n e d  m e l a t o n i n  b i n d i n g  s i t e s  t h e  r i g o r o u s  
d e m o n s t r a t i o n  o f  t h e i r  r e c e p t o r  n a t u r e  i s  s t i l l  l a c k i n g .  H o w e v e r  
c i r c u m s t a n t i a l  e v i d e n c e  h a s  b e e n  a c c u m u l a t e d  i n  f a v o r  o f  t h i s  v i e w  
f o r  m e l a t o n i n  b i n d i n g  s i t e s  i n  b r a i n  m e m b r a n e s .  I n  a  f i r s t  e x p e r i m e n t  
w e  t e s t e d  t h e  p o s s i b i l i t y  t h a t  t h e  a f f i n i t y  o r  n u m b e r  o f  p r e s u m p t i v e  
m e l a t o n i n  m e m b r a n e  r e c e p t o r s  i n  h a m s t e r  a n d  r a t  b r a i n s  c o u l d  c h a n g e  
a c c o r d i n g l y  a t  t i m e s  w h e n  m e l a t o n i n  i s  b i o l o g i c a l l y  a c t i v e  o r  i n a c ­
t i v e  t o  c a u s e  n e u r o e n d o c r i n e  e f f e c t s  ( U a c a s  a n d  C a r d i n a l i , 1 9 7 9 ) .  R e ­
c e p t o r s  a r e  m a x i m a l l y  c o n c e n t r a t e d  a t  t h e  l a t e  e v e n i n g ,  a  t i m e  d u r i n g  
t h e  d i u r n a l  c y c l e  w h e n  e x o g e n o u s  m e l a t o n i n  i s  e f f e c t i v e  i n  i n d u c i n g  
g o n a d a l  a t r o p h y ;  c o n v e r s e l y  t h e  r e c e p t o r  n u m b e r  i s  l o w  a t  e a r l y  m o r n ­
i n g  a t i m e  w h e n  m e l a t o n i n  i n j e c t i o n  i s  u n e f f e c t i v e  i n  i n h i b i t i n g  r e ­
p r o d u c t i v e  p h y s i o l o g y .  I n  r a t  p i n e a l  t h e  b i n d i n g  c a p a c i t y  o f  m e l a t o ­
n i n  a l s o  i n c r e a s e d  m a r k e d l y  d u r i n g  t h e  l i g h t  p h a s e  o f  t h e  d a y  ( G r a t a  
e t  a l . , 1 9 8 1 ) .  S u p p r e s s i o n  o f  m e l a t o n i n  r h y t h m i c i t y  b y  p i n e a l e c t o m y , 
p i n e a l  d e n e r v a t i o n  o r  c o n t i n u o u s  e x p o s u r e  t o  l i g h t  e l i m i n a t e d  b o t h  
t h e  a n t i g o n a d a l  e f f e c t  o f  s i n g l e  d a i l y  e v e n i n g  m e l a t o n i n  i n j e c t i o n s  
a n d  t h e  m o r n i n g - e v e n i n g  d i f f e r e n c e s  i n  b r a i n  m e m b r a n e  r e c e p t o r  n u m b e r
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( C a r d i n a l i  a n d  U a c a s , 1 9 B 1 ) .  E x p o s u r e  t o  h i g h  m e l a t o n i n  l e v e l s  d u r i n g  
t h e  d a r k  p h a s e  o f  d a i l y  p h o t o p e r i o d  m a y  c a u s e  d e s e n s i t i z a t i o n  o f  t h e  
n e u r o e n d o c r i n e  s y s t e m  b y  d o w n - r e g u l a t i o n  o f  r e c e p t o r  b i n d i n g  s i t e s  
w h e r e a s  d u r i n g  d a y t i m e  t h e  n u m b e r  o f  r e c e p t o r s  i n c r e a s e s  b e c a u s e  m e ­
l a t o n i n  l e v e l s  a r e  l o w ,  a n d  r e s t o r a t i o n  o f  s e n s i t i v i t y  m a y  o c c u r  a t  
t h e  e n d  o f  t h e  l i g h t  p h a s e .
A n o t h e r  e x a m p l e  o f  c o r r e l a t i o n  b e t w e e n  b r a i n  m e l a t o n i n  b i n d i n g  
a n d  b i o l o g i c a l  a c t i v i t y  i s  g i v e n  b y  s t a r v a t i o n  e x p e r i m e n t s  i n  r a t s .  
P r o t e i n  d e p r i v a t i o n  i n  t h e s e  s p e c i e s  i s  a c c o m p a n i e d  b y  s i g n i f i c a n t  
i n c r e a s e s  D f  t h e  n u m b e r  o f  m e l a t o n i n  r e c e p t o r  s i t e s  i n  b r a i n  m e m b r a ­
n e s  w i t h o u t  c h a n g i n g  t h e i r  K d  f o r  t h e  r a d i o l a b e l e d  c o m p o u n d  ( C a r d i n a l i  
a n d  U a c a s , 1 9 B 1 )  a n d  i t  h a s  b e e n  s h o w n  a n  i n c r e a s e  i n  t h e  s e n s i t i v i t y  
o f  t h e  r e p r o d u c t i v e  s y s t e m  t o  e x o g e n o u s  a n d  p r e s u m a b l y  e n d o g e n o u s  
p i n e a l  m e l a t o n i n  i n  u n d e r f e d  r a t s  ( R e i t e r , 1 9 8 0 ) .
I t  s h o u l d  b e  n o t e d  t h a t  a r e p r o d u c i b l e  a n d  d e t a i l e d  c h a r a c t e r ­
i z a t i o n  o f  m e l a t o n i n  b i n d i n g  s i t e s  h a s  b e e n  h a m p e r e d  b y  t h e  p o o r  
q u a l i t y  a n d  i n s t a b i l i t y  o f  t h e  c o m m e r c i a l l y  a v a i l a b l e  l i g a n d .  I n  o u r  
h a n d s  t h e  i n i t i a l  o b s e r v a t i o n s  o n  m e l a t o n i n  r e c e p t o r s  i n  b o v i n e ,  r a t  
a n d  h a m s t e r  b r a i n  m e m b r a n e s  c a r r i e d  o u t  b y  e m p l o y i n g  ( 2 - a m i n o e t h y l - 2 -  
3h) m e l a t o n i n  ( N e w  E n g l a n d  N u c l e a r )  b e t w e e n  1 9 7 7  a n d  1 9 8 0  w e r e  f o l ­
l o w e d  b y  n e g a t i v e  r e s u l t s  o b t a i n e d  w i t h  s u b s e q u e n t  b a t c h e s  o f  t h e  
c o m p o u n d  p u r c h a s e d  f r o m  t h e  s a m e  c o m m e r c i a l  s o u r c e .  L a s t  y e a r  t h e  
s u p p l i e r  d i s c o n t i n u e d  t h e  p r o d u c t i o n  o f  t h i s  r a d i o l i g a n d  a n d  b e g a n  t o  
p r o v i d e  a  n e w  ^ H - m e l a t o n i n  l a b e l e d  i n  t h e  m e t h o x y  g r o u p .  I n  o u r  e x p e ­
r i e n c e  t h i s  n e w  m e l a t o n i n  i s  s u i t a b l e  t o  a s s o c i a t e  t h e  r e c e p t o r s  o n l y  
f o r  a l i m i t e d  i n t e r v a l  a f t e r  d e l i v e r y ,  a n d  D u r  a t t e m p t s  t o  s t a b i l i z e  
s u c h  a b i n d i n g  h a v e  n o t  y e t  b e e n  s u c c e s s f u l .  O b v i o u s l y  f u r t h e r  s t u d i e s  
a r e  n e e d e d  t o  e s t a b l i s h  w h e t h e r  b r a i n  m e l a t o n i n  b i n d i n g  s i t e s  ( c y t o ­
p l a s m i c  a n d  m e m b r a n e )  a r e  t r u l y  p h y s i o l o g i c a l  r e c e p t o r s  f o r  t h e  h o r ­
m o n e  .
A n  i n t e r e s t i n g  o b s e r v a t i o n  a b o u t  a  p o s s i b l e  m o l e c u l a r  l o c u s  f o r  
m e l a t o n i n  a c t i o n  i n  b r a i n  c e l l s  h a s  b e e n  t h e  d e s c r i p t i o n  t h a t  m e l a ­
t o n i n  a n d  i t s  b r a i n  m e t a b o l i t e  N - a c e t y l - 5 - m e t h o x y  k y n u r e n a m i n e  i n t e r ­
a c t  a t  c o n c e n t r a t i o n s  g r e a t e r  t h a n  1 0  u M  w i t h  B Z P  b i n d i n g  s i t e s  i n  
v i t r o  ( M a r a n g o s  e t  a l . , 1 9 8 1 ) .  T h e s e  s i t e s  a r e  c o n s i d e r e d  t h e  p h a r m a ­
c o l o g i c a l  r e c e p t o r s  f o r  t h e  a n t i c o n v u l s i v a n t , a n x i o l y t i c ,  s l e e p - p r o ­
m o t i n g  a n d  m u s c l e  r e l a x a n t  p r o p e r t i e s  o f  B Z P  ( H a e f e l y  e t  a l . , 1 9 B 3 ) .  
O n e  o f  t h e  m e c h a n i s m s  b y  w h i c h  B Z P  a c t  o n  t h e  b r a i n  i s  t h e  e n h a n c e ­
m e n t  o f  G A B A  n e u r o t r a n s m i s s i o n ,  a n d  t h e r e  i s  e x p e r i m e n t a l  e v i d e n c e  
s u g g e s t i n g  t h a t  t h e  B Z P  b i n d i n g  s i t e  i s  a p a r t  o f  a s u p r a m o l e c u l a r  
c o m p l e x  f o r m e d  a l s o  b y  t h e  G A B A  r e c e p t o r ,  t h e  0 1 ”  c h a n n e l  a n d  a b a r ­
b i t u r a t e  r e c o g n i t i o n  s i t e .  A d d i t i o n a l l y  B Z P  l i k e  s e v e r a l  o t h e r  n e u r o -  
a c t i v e  d r u g s  c o u l d  a f f e c t  s y n a p t i c  t r a n s m i s s i o n  v i a  i n t e r a c t i o n  w i t h  
t h e  s y n a p t i c  C a ^ + - c a l m o d u l i n  s y s t e m  ( D e  L o r e n z o , 1 9 B 1 ).
M e l a t o n i n  s h a r e s  m u s c l e - r e l a x a n t  a n d  a n t i c o n v u l s i v a n t  p r o p e r t i e s  
w i t h  B Z P  ( S u g d e n , 1 9 8 3 ) .  M o r e o v e r  m e l a t o n i n  m a y  i n c r e a s e  G A B A  n e u r o -  
t r a n s m i s s i o n  a s  s u g g e s t e d  b y  t h e  e l e v a t i o n  o f  b r a i n  G A B A  l e v e l s  a f t e r  
s y s t e m i c  i n j e c t i o n  ( A n t o n - T a y , 1 9 7 1 ) ,  a n d  a s  d i s c u s s e d  b e l o w  i t  c a n  
i n t e r f e r e  w i t h  C a ^ +  i n f l u x  a t  i s o l a t e d  n e r v e  t e r m i n a l s .  T h i s  p r o m p t e d  
u s  t o  a s s e s s  w h e t h e r  p i n e a l  r e m o v a l  o r  m e l a t o n i n  t r e a t m e n t  c o u l d  a f ­
f e c t  B Z P  r e c e p t o r  d e n s i t y  i n  r a t  c e r e b r a l  c o r t e x ,  a r e g i o n  o f  t h e  
b r a i n  t h a t  e x h i b i t s  h i g h  c o n c e n t r a t i o n  o f  B Z P  b i n d i n g  s i t e s .
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F i g .  1 E f f e c t  D f  p i n e a l e c t o m y  ( P x )  o r  s h a m - a p e r a t i o n  p e r f o r m e d  1 A  
d a y s  e a r l i e r  o n  B Z P  b i n d i n g  s i t e s  i n  r a t  c e r e b r a l  c o r t e x  
a s s a y e d  b y  t h e  b i n d i n g  o f  - ^ H - f l u n i t r a z e p a m  ( F N Z P ) .  D a t a  a r e  
s h o w n  a s  S c a t c h a r d  p l o t s  ( l e f t  p a n e l )  o r  a s  s i n g l e - p o i n t  
b i n d i n g  a s s a y s  c a r r i e d  o u t  a t  6  n M  ^ H - F I M Z P  ( m e a n s  +  S E M , n ) .  
S l o p e s  a n d  i n t e r c e p t s  i n  s a t u r a t i o n  i s o t h e r m  e x p e r i m e n t s  
w e r e  c a l c u l a t e d  b y  r e g r e s s i o n  a n a l y s i s  a n d  a n a l y z e d  s t a t i s ­
t i c a l l y  b y  m e a n s  o f  a n  a n a l y s i s  o f  c o v a r i a n c e  ( p  ( D . G 1  f o r  
d i f f e r e n c e s  i n  B m a x  v a l u e s ) .  S i n g l e - p o i n t  b i n d i n g  a s s a y s  o f  
i n d i v i d u a l  b r a i n s  w e r e  s t a t i s t i c a l l y  a n a l y z e d  b y  a S t u d e n t ' s  
t t e s t .
A s  s h o w n  i n  F i g . 1  p i n e a l e c t o m y  o f  r a t s  r e s u l t e d  i n  s i g n i f i c a n t  
d e p r e s s i o n  o f  B Z P  r e c e p t o r  s i t e s  o f  c e r e b r a l  c o r t e x  1 A  d a y s  l a t e r  
w i t h o u t  a f f e c t i n g  t h e i r  a f f i n i t y  s i g n i f i c a n t l y .  T h e s e  o b s e r v a t i o n s  
s h o u l d  b e  a n a l y z e d  w i t h i n  t h e  c o n t e x t  o f  t h e  h o m e o s t a t i c  i n f l u e n c e  
o f  t h e  p i n e a l  g l a n d  o n  C N S  e x c i t a b i l i t y ( Q u a y , 1 9 7 5 ;  R o m i j n , 1 9 7 8 ) .  R e ­
m o v a l  o f  t h e  p i n e a l  g l a n d  i n  r a b b i t s  c h a n g e s  t h e  e l e c t r i c a l  a c t i v i t y  
o f  d o r s a l  h i p p o c a m p a l  n e u r o n s  t o w a r d s  a n  e p i l e p t i f o r m  e l e c t r o e n c e p h a -  
l o g r a p h i c  p a t t e r n  ( B i n d o n i  a n d  R i z z o ,  1 9 7 5 ) .  I n  p i n e a l e c t o m i z e d  r a t s  
t h e  e l e c t r i c a l  r e c o r d i n g  o f  c e r e b r a l  c o r t e x  e x h i b i t e d  i n t e r m i t e n t  
p a r o x y s m a l  o u t b u r s t s  o f  s e i z u r e - l i k e  d i s c h a r g e s  ( M i r  e t  a l . , 1 9 6 9 )  a n d  
i n  p a r a t h y r o i d e c t o m i z e d  r a t s  a s u b s e q u e n t  p i n e a l e c t o m y  i n d u c e d  v i o l m t  
a n d  o f t e n  f a t a l  c l o n i c - t o n i c  t y p e  c o n v u l s i o n s  ( R e i t e r  e t  a l . , 1 9 7 3 ) .  
P r o v i d i n g  t h a t  a n  e n d o g e n o u s  a g o n i s t  l i g a n d  d o e s  e x i s t  f o r  B Z P  r e ­
c e p t o r s  i n  b r a i n  ( H a e f e l y  e t  a l . , 1 9 8 3 ) ,  t h e  c o n v u l s i v e  p r o n e  s t a t e  
o r  i n c r e a s e d  p a r a d o x i c a l  s l e e p  ( R o m i j n , 1 9 7 8 )  o f  p i n e a l e c t o m i z e d  r a t s  
c o u l d  r e f l e c t  a n  i m p a i r e d  B Z P  r e c e p t o r - G A B A  i n t e r a c t i o n  a n d  c o n s e ­
q u e n t l y  a n  i m p a i r e d  G A B A  n e u r o t r a n s m i s s i o n  a f t e r  p i n e a l  r e m o v a l .
M e l a t o n i n  t r e a t m e n t  p r o t e c t s  a g a i n s t  p i n e a l e c t o m y - i n d u c e d  s e i ­
z u r e s  ( R u d e e n  e t  a l . , 1 9 8 0 ;  S u g d e n , 1 9 8 3 ) .  I t  a l s o  i m p r o v e d  e l e c t r o -  
e n c e p h a l o g r a p h i c  a c t i v i t y  o f  p a t i e n t s  w i t h  t e m p o r a l  l o b e  e p i l e p s i a  
( A n t o n - T a y , 1 9 7 1 ) ,  d i m i n i s h e d  l i g h t - i n d u c e d  s e i z u r e s  i n  b a b o o n s  
( B r a i l o w s k y , 1 9 7 6 )  a n d  r e d u c e d  f o c a l  e p i l e p t i c  a c t i v i t y  o f  p r i m a r y  
s e n s o r y  a r e a s  i n  c a t s  ( F a r i e l l o  a n d  B u b e n i k , 1 9 7 6 ) .  A s  s h o w n  i n  F i g . 2 
a s i n g l e  i n j e c t i o n  o f  G . 8  m g / k g  o f  m e l a t o n i n  r e s t o r e d  3  h l a t e r  t h e  
d e p r e s s e d  B Z P  r e c e p t o r  s i t e s  i n  p i n e a l e c t o m i z e d  r a t s .  D a i l y  m e l a t o n i n
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i n j e c t i o n s  d u r i n g  5 d a y s  w e r e  n e e d e d  t o  a f f e c t  B Z P  b i n d i n g  s i t e s  i n  
i n t a c t  r a t s  ( d a t a  n e t  s h o w n ) .  A l t h o u g h  m e l a t o n i n  a d d e d  i n  v i t r o  t o  
c e r e b r a l  c o r t e x  m e m b r a n e s  c o m p e t e d  f o r  B Z P  b i n d i n g  a t  c o n c e n t r a t i o n s  
1 D  u M  o r  g r e a t e r  ( M a r a n g o s  e t  a l . , 1 9 8 1 )  s u c h  c o n c e n t r a t i o n s  a r e  p r e ­
s u m a b l y  n o t  a c h i e v e d  i n  b r a i n  a t  t h e  d o s e s  e m p l o y e d  b y  u s .  P i n e a l e c -  
t o m y  a n d  m e l a t o n i n - i n d u c e d  c h a n g e s  o f  B Z P  b i n d i n g  s i t e s  r e p o r t e d  
h e r e i n  m a y  t h u s  r e s u l t  f r o m  a m o d u l a t o r y  i n d i r e c t  e f f e c t  r a t h e r  t h a n  
f r o m  a d i r e c t  e f f e c t  o f  t h e  h o r m o n e  o n  t h e  b i n d i n g  s i t e s .  O u r  r e s u l t s  
s u g g e s t  t h e  p o s s i b i l i t y  t h a t  p i n e a l - r e l a t e d  c h a n g e s  i n  b r a i n  e x c i t a ­
b i l i t y  c o u l d  b e  l i n k e d  t o  m e l a t o n i n  e f f e c t  o n  B Z P  r e c e p t o r  s i t e s .
C Y C L I C  N U C L E O T I D E S
M e l a t o n i n  c a n  l i k e  m a n y  o t h e r  n e u r o h o r m o n e s  o r  t r a n s m i t t e r s ,m o d ­
u l a t e  t h e  a c t i v i t y  o f  a d e n y l a t e  c y c l a s e  i n  b r a i n .  T h e  f i r s t  e v i d e n c e  
a b o u t  t h e  i n v o l v e m e n t  o f  c y c l i c  A M P  i n  a n y  b i o l o g i c  e f f e c t  o f  m e l a t o ­
n i n  w a s  p r o v i d e d  b y  A b e  e t  a l .  ( 1 9 6 9 )  i n  t h e  a m p h i b i a n  s k i n .  M e l a t o n i n  
a d d e d  i n  v i t r o  n o t  o n l y  i n h i b i t e d  f r o g  s k i n ' s  d a r k e n i n g  r e s p o n s e  t o  
M S H  b u t  a l s o  i n h i b i t e d  t h e  r i s e  i n  c y c l i c  A M P ;  m e l a t o n i n  d i f f e r e d  
f r o m  n o r e p i n e p h r i n e  ( N E )  i n  t h a t  i t s  e f f e c t s  c o u l d  n o t  b e  b l o c k e d  b y  
« ^ . - a d r e n o c e p t o r  a n t a g o n i s t s .
T h a t  t h e  p i n e a l  g l a n d  a n d  m e l a t o n i n  m a y  b e  l i n k e d  t o  f u n c t i o n a l  
c h a n g e s  i n  c y c l i c  A M P  s y n t h e s i s  a t  b r a i n  t a r g e t  s i t e s  i n  v i v o  w a s
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F i g .  2  E f f e c t  o f  m e l a t o n i n  ( B C D  u g / K g ,  3  h  e a r l i e r )  o n  p i n e a l e c t o m y  
( P x ) - i n d u c e d  d e c r e a s e  o f  B Z P  b i n d i n g  i n  r a t  c e r e b r a l  c o r t e x ,  
3  o r  7  d a y s  a f t e r  s u r g e r y .  S h o w n  a r e  t h e  m e a n s  +  S E M  o f  i n ­
d i v i d u a l  b r a i n s  a s s a y e d  a t  6  n M  - ^ H - F N Z P .  B m a x  o f  P x  r a t s  
d i f f e r e d  f r o m  t h e  o t h e r  2  g r o u p s  a t  e i t h e r  t i m e  i n t e r v a l  
( p  <( d.D5, a n a l y s i s  o f  v a r i a n c e ) .  N o  s t a t i s t i c a l l y  d i f f e r ­
e n c e s  i n  b i n d i n g  a f f i n i t y  o f  t h e  3  e x p e r i m e n t a l  g r o u p s  w e r e  
d e t e c t a b l e  ( d a t a  n o t  s h o w n ) .
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s u g g e s t e d  b y  t h e  s t u d i e s  o f  M e r g u e n s t e r n  e t  a l . ( 1 9 B 3 , 1 9 8 * 0 .  P i n e a l  
a b l a t i o n  i n c r e a s e d  s i g n i f i c a n t l y  c y c l i c  A M P  s y n t h e s i s  b y  5 2 %  i n  r a t  
M B H  3 d a y s  a f t e r  s u r g e r y  u h e r e a s  2 d o s e s  o f  1 0 0  u g  o f  m e l a t o n i n  
g i v e n  t o  r a t s  1 7  a n d  2 h b e f o r e  s a c r i f i c e  d e c r e a s e d  h y p o t h a l a m i c  
c y c l i c  A M P  b y  3 3 % .  I n  r a t  s t r i a t a l  a n d  h y p o t h a l a m i c  s l i c e s  (ME i n ­
c r e a s e s  c y c l i c  A M P  b y  i n t e r a c t i n g  w i t h < < -  a n d j 3  - a d r e n o c e p t o r s  
( P a r t i n g t o n  e t  a l . , 1 9 8 0 ;  L e b l a n c  a n d  C i a n a r e l l o , 1 9 B A ) .  A f t e r  s u p e r i o r  
c e r v i c a l  g a n g l i o n e c t o m y  a p o r t i o n  o f  h y p o t h a l a m i c  n o r a d r e n e r g i c  t e r ­
m i n a l s  u n d e r g o  d e g e n e r a t i o n  a s  r e v e a l e d  b y  t h e  d e c r e a s e d  IME c o n t e n t  
i n  m e d i a n  e m i n e n c e  o f  p e r i p h e r a l l y  d e n e r v a t e d  r a t s  ( C h i o c c h i o  e t  a l ,  
1 9 8 A ) .  T h e s e  c h a n g e s  a r e  a c c o m p a n i e d  b y  a n  a u g m e n t e d  i n  s i t u  c y c l i c  
A M P  s y n t h e s i s  a n d  b i n d i n g  t o  i n t r a c e l l u l a r  r e c e p t o r s  a s  w e l l  a s  b y  
m o d i f i e d  L H ,  F S H  a n d  T S H  r e l e a s e  ( C a r d i n a l i  e t  a l . , 1 9 8 2 ;  C h i o c c h i o  e t  
a l . , 1 9 8 A ) .  G a n g l i a  a n d  p i n e a l  a b l a t i o n  h a v e  a d d i t i v e  e f f e c t s  a s  r e ­
v e a l e d  b y  t h e  f u r t h e r  i n c r e a s e  o f  M B H  c y c l i c  A M P  a f t e r  t h e  c o m b i n e d  
s u r g i c a l  p r o c e d u r e .  S i n c e  w i t h i n  1 6 - 2 A  h  a f t e r  g a n g l i o n e c t o m y  m e l a ­
t o n i n  s y n t h e s i s  r i s e s  s e v e r a l - f o l d  a s  a c o n s e q u e n c e  o f  p i n e a l  n e r v e  
d e g e n e r a t i o n  ( U a c a s  e t  a l . , 1 9 8 2 )  a n d  i n a s m u c h  a s  m e l a t o n i n  d e p r e s s e s  
M B H  c y c l i c  A M P  s y n t h e s i s  ( M o r g u e n s t e r n  e t  a l . , 1 9 8 3 )  t h e  a d d i t i v e  e f ­
f e c t s  o f  g a n g l i o n e c t o m y  a n d  p i n e a l e c t o m y  a r e  b e s t  e x p l a i n e d  i n  t e r m s  
o f  t h e  r e m o v a l  o f  a n e g a t i v e  i n f l u e n c e  o n  M B H  c y c l i c  A M P .
A  d i r e c t  a s s e s s m e n t  o f  m e l a t o n i n  e f f e c t  o n  b r a i n  c y c l i c  A M P  s y n ­
t h e s i s  w a s  m a d e  i n  v i t r o  b y  U a c a s  e t  a l .  ( 1 9 8 1 ) .  R a t  M B H  e x p l a n t s  
i n c u b a t e d  w i t h  m e l a t o n i n  e x h i b i t e d  d e p r e s s e d  c y c l i c  A M P  l e v e l s  a t  
m e t h D x y i n d o l e  c o n c e n t r a t i o n s  1 D  n M  o r  g r e a t e r  ( F i g . 3 ) ,  5 - M e t h o x y t r y p -  
t o p h o l  w a s  m o r e  p o t e n t  t h a n  m e l a t o n i n  i n  i n h i b i t i n g  c y c l i c  A M P  s y n ­
t h e s i s  w h e r e a s  t h e  m e l a t o n i n  i n a c t i v e  m e t a b o l i t e  6 - h y d r o x y m e l a t o n i n  
w a s  e s s e n t i a l l y  d e v o i d  o f  a c t i v i t y  a t  p h y s i o l o g i c a l  c o n c e n t r a t i o n s .  
R e c e n t l y  N i l e s  ( 1 9 8 3 )  r e p o r t e d  t h a t  m e l a t o n i n  i n h i b i t s  a d e n y l a t e  
c y c l a s e  i n  r a t  h y p o t h a l a m i c  a n d  p i n e a l  h o m o g e n a t e s  b y  p r o d u c i n g  a  G T P  
d e p e n d e n t  i n h i b i t i o n  o f  e n z y m e  a c t i v i t y .
S i n c e  i t  w a s  i m p o s s i b l e  f r o m  t h e  a b o v e  c i t e d  e x p e r i m e n t s  t o  c o n ­
c l u d e  a b o u t  t h e  b r a i n  c e l l s  ( g l i a l  o r  n e u r o n s )  a f f e c t e d  b y  m e l a t o n i n  
U a c a s  e t  a l .  ( 1 9 B A a )  u n d e r t o o k  a  s e r i e s  o f  e x p e r i m e n t s  e m p l o y i n g  a s ­
t r o g l i a l  c e l l  c u l t u r e s  i d e n t i f i e d  a c c o r d i n g  t o  m o r p h o l o g i c a l  a n d  i m ­
m u n o c h e m i c a l  c r i t e r i a .  P r i m a r y  r a t  b r a i n  c u l t u r e s  a r e  c o n s i d e r e d  
s u i t a b l e  m o d e l s  o f  u n t r a n s f o r m e d  a s t r o g l i a l  c e l l s ,  a n d  a r e  u s e d  i n ­
c r e a s i n g l y  f o r  n e u r o b i o l o g i c a l  s t u d i e s .  I n  t h e  a s t r o g l i a l  s u b c u l t u r e s  
i d e n t i f i e d  b y  i m m u n o l a b e l l i n g  o f  g l i a l  f i b r i l l a r y  a c i d  p r o t e i n ,  m e l a ­
t o n i n  a l t h o u g h  n o t  a l t e r i n g  c y c l i c  A M P  c o n t e n t  b y  i t s e l f ,  b r o u g h t  
a b o u t  a t  s u b m i c r o m o l a r  c o n c e n t r a t i o n s  a n  i m p a i r e d J 3 - a d r e n o c e p t o r -  
m e d i a t e d  i n c r e a s e  o f  c y c l i c  A M P  l e v e l s .  T h i s  e f f e c t  o f  m e l a t o n i n  w a s  
s h a r e d  b y  5 - m e t h o x y t r y p t o p h o l  t h a t  i s  a s t r o n g  c o m p e t i t o r  o f  m e l a t o ­
n i n  f o r  i t s  p u t a t i v e  M B H  m e m b r a n e  r e c e p t o r s  ( C a r d i n a l i  e t  a l . , 1 9 7 9 ;  
N i l e s , 1 9 8 3 ) ,  a n d  b y  t h e  p o t e n t  s y n t h e t i c  m e l a t o n i n  a n a l o g u e  6 - c h l o r o -  
m e l a t o n i n  ( F i g . A ) .  S e r o t o n i n  e x h i b i t e d  c o n s i d e r a b l y  l e s s  a c t i v i t y  
a n d  6 - h y d r o x y m e l a t o n i n  d i d  n o t  a f f e c t  c y c l i c  A M P  l e v e l s .
O u r  f i n d i n g s  a r e  i n  a g r e e m e n t  w i t h  t h e  v i e w  t h a t  a t  l e a s t  a 
p a r t  o f  m e l a t o n i n  e f f e c t  o n  c y c l i c  A M P  s y n t h e s i s  ( U a c a s  e t  a l . , 1 9 8 1 )  
o r  a d e n y l a t e  c y c l a s e  ( N i l e s , 1 9 8 3 )  o f  b r a i n  e x p l a n t s  o r  h o m o g e n a t e s  
t a k e s  p l a c e  i n  a s t r o c y t e s .  A s  f i r s t  s u g g e s t e d  b y  Q u a y  ( 1 9 7 D )  t h e  
g l i a l  c e l l s  m a y  b e  o n e  o f  t h e  s i t e s  o f  a c t i o n  f o r  p i n e a l  m e l a t o n i n .
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F i g .  3  I n  v i t r o  e f f e c t  o f  m e l a t o n i n  o n  c y c l i c  A M P .  c y c l i c  G M P  a n d  
P G E g  s y n t h e s i s  b y  t h e  r a t  M B H ,  a n d  o n  i* ^ C a ^ +  u p t a k e  b y  r a t  
b r a i n  s y n a p t o s o m e s .  S h o w n  a r e  t h e  m e a n s  ±  S . E . M .  ( n ) .  
A s t e r i s k s  d e s i g n a t e  s i g n i f i c a n t  c h a n g e s  a s  c o m p a r e d  t o  c o n ­
t r o l s  ( p  <^ 0. 0 1 ,  a n a l y s i s  o f  v a r i a n c e ) .  F o r  e x p e r i m e n t a l  d e ­
t a i l s  s e e  C a r d i n a l i  e t  a l .  ( 1 9 8 G )  a n d  ' J a c a s  e t  a l .  ( 1 9 8 1 ;  
1 9 8 A b ) .
M e l a t o n i n  c o u l d  a c t  t h e o r e t i c a l l y  a t  t h e  i n t e r a c t i o n  o f  g u a n i n e  n u ­
c l e o t i d e s  w i t h  t h e  g u a n i n e  n u c l e o t i d e  r e g u l a t o r y  p r o t e i n  ( o r  " G "  
u n i t )  w h i c h  i s  k n o w n  t o  m e d i a t e  t h e  e f f e c t  o f _ 3 - a d r e n o c e p t o r  a g o n i s t  
o n  a d e n y l a t e  c y c l a s e .  T h i s  i s  s u p p o r t e d  b y  t h e  r e c e n t l y  d e s c r i b e d  
G T P - d e p e n d e n t  i n h i b i t i o n  o f  e n z y m e  a c t i v i t y  b y  m e l a t o n i n  i n  b r a i n  
h o m o g e n a t e s  ( N i l e s , 1 9 8 3 ) .  B e s i d e s ,  m e l a t o n i n  c o u l d  i m p a i r  N E - e v o k e d  
c y c l i c  A M P  i n c r e a s e  b y  t h e  i n h i b i t i o n  o f  P G E g  s y n t h e s i s  d i s c u s s e d  
b e l o w .  I n  a n y  e v e n t  i t  s e e m s  s a f e  t o  c o n c l u d e  t h a t  m e l a t o n i n  r e s e m ­
b l i n g  o t h e r  h o r m o n e s ,  a u t a c o i d s  a n d  t r a n s m i t t e r s  t h a t  a c t  o n  r e c e p t o r s  
l o c a t e d  o n  t h e  c e l l  s u r f a c e ,  d e p r e s s e s  t h e  a d e n y l a t e  c y c l a s e  i n  b r a i n  
t a r g e t  c e l l s .
A n o t h e r  b r a i n  c y c l i c  n u c l e o t i d e  a f f e c t e d  b y  m e l a t o n i n  i s  c y c l i c  
G M P .  T h e  i n j e c t i o n  o f  1 u g  o f  m e l a t o n i n  i n  t h e  c i s t e r n a  m a g n a  o f  r a b ­
b i t s  e l i c i t e d  a r i s e  i n  C S F  c y c l i c  G M P  l e v e l s  ( R u d m a n , 1 9 7 6 ) .  I n  v i t r o  
m e l a t o n i n  a t  1 Q  n M  c o n c e n t r a t i o n  i n c r e a s e d  s i g n i f i c a n t l y  c y c l i c  G M P  
a c c u m u l a t i o n  b y  i n c u b a t e d  r a t  M B H  e x p l a n t s  ( F i g . 3 ) .  F o r  t h i s  e f f e c t  
5 - m e t h o x y - t r y p t o p h o l  w a s  a b o u t  1 0 0 0  t i m e s  l e s s  p o t e n t  t h a n  m e l a t o n i n ,  
a n d  6 - h y d r o x y m e l a t o n i n  w a s  i n a c t i v e  ( U a c a s  e t  a l . , 1 9 8 1 ) .  I n  v i e w  
t h a t  m e l a t o n i n  e n h a n c e s  g u a n y l a t e  c y c l a s e  a c t i v i t y  i n  r a t  a n t e r i o r  
p i t u i t a r y ,  t h y r o i d ,  t e s t i s ,  o v a r y ,  l i v e r  a n d  i n t e s t i n e  ( V e s e l y , 1 9 8 1 )  
t h e  p o s s i b i l i t y  s h o u l d  b e  c o n s i d e r e d  t h a t  a g e n e r a l  e f f e c t  o f  t h e  
h o r m o n e  i s  t o  i n c r e a s e  c e l l u l a r  l e v e l s  o f  c y c l i c  G M P .  T h e r e  i s  n o  i n ­
f o r m a t i o n  o n  m e l a t o n i n  e f f e c t  o n  c y c l i c  G M P  s y n t h e s i s  i n  a s t r o g l i a l  
c u l t u r e s .
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A n y  n e u r o e n d o c r i n e  t r a n s d u c i n g  e v e n t  i m p l i e s  t h e  c o n v e r s i o n  o f  
a n e u r a l  s i g n a l  a r r i v i n g  a t  a g r o u p  o f  c e l l s  t o  a h o r m o n a l  s i g n a l  
t h a t  i s  r e l e a s e d  t o  t h e  e x t r a c e l l u l a r  s p a c e .  I n  o r d e r  f o r  t h e  c e l l s  
t o  r e s p o n d  t o  e x t e r n a l  i n p u t s  t h e y  m u s t  h a v e  m e c h a n i s m s  b o t h  f o r  
d e t e c t i n g  a n d  f o r  t r a n s l a t i n g  t h e  i n c o m i n g  i n f o r m a t i o n .  O n e  i s  g i v e n  
b y  a d e n y l a t e  c y c l a s e ,  a s  d i s c u s s e d  a b o v e .  A n o t h e r  l i e s  i n  t h e  l i p i d  
p o r t i o n s  o f  t h e  m e m b r a n e ,  w h i c h  i n  a d d i t i o n  t o  b e  t h e  m a t r i x  c o n t a i n ­
i n g  t h e  t r a n s d u c t i v e  p r o t e i n s ,  a r e  t h e  s i t e  o f  o r i g i n  o f  a n u m b e r  o f  
i n t r a c e l l u l a r l y  a c t i v e  m e t a b o l i t e s  r e l a t e d  t o  t h e  h y d r o l y s i s  o f  p h o s -  
p h a t i d y l i n o s i t o l  a n d  t o  t h e  i n c r e a s e  o f  c e l l u l a r  C a ^ +  l e v e l s .  O n e  o f  
t h e s e  m e c h a n i s m s  i s  s u b s e r v e d  b y  P G s , t h e  b e s t  c h a r a c t e r i z e d  a r a c h i d -  
o n i c  a c i d  m e t a b o l i t e s .  A r a c h i d o n i c  a c i d  m e t a b o l i s m  g i v e s  r i s e  t o  a 
v a r i e t y  o f  a c t i v e  c o m p o u n d s  i n c l u d i n g  P G s ,  t h r o m b o x a n e s ,  l e u k o t r i e n e s  
a n d  h y d r o x y  a n d  h y d r o p e r o x y  a c i d s  ( W o l f e , 1 9 8 2 ) .  T h e  w h o l e  s p e c t r u m  o f  
o x y g e n a t e d  a r a c h i d o n i c  a c i d  d e r i v a t i v e s ,  o r  t h e  e i c o s a n o i d  s y s t e m , i s  
c h a r a c t e r i z e d  b y  t h e  f o l l o w i n g  f u n c t i o n a l  f e a t u r e s :  ( i )  e a s y  a c t i v a ­
t i o n  o f  t h e s e  p a t h w a y s  i n  r e s p o n s e  t o  a n u m b e r  o f  s t i m u l i  w h i c h  g e n ­
e r a l l y  a l t e r  t h e  r a t e  o f  s y n t h e s i s  t h r o u g h  t h e  i n c r e a s e d  r e l e a s e  o f  
a r a c h i d o n i c  a c i d  f r o m  i t s  p h o s p h o l i p i d i c  r e p o s i t o r i e s ;  ( i i )  t h e  b a s i ­
c a l l y  l o c a l  a c t i o n  o f  e i c o s a n o i d s  a s  i n t r a c e l l u l a r  m e s s e n g e r s  a n d / o r  
a u t a c o i d s  d u e  t o  t h e  u b i q u i t o u s  s y n t h e s i s ;  ( i i i )  i n t e r a c t i o n  w i t h  
n e a r b y  r e c e p t o r s  a n d  r a p i d  d e g r a d a t i o n ;  ( i v )  t h e  p r e s e n c e  o f  m u l t i p l e  
e n z y m a t i c  s i t e s  o f  f e e d b a c k  r e g u l a t i o n  i n  t h e  w h o l e  a r a c h i d o n i c  a c i d  
c a s c a d e .  I n  n e u r o e n d o c r i n e  j u n c t i o n s  l i k e  t h e  M B H  o r  t h e  p i n e a l  
g l a n d  P G s  m a y  s u b s e r v e  t h e  r o l e  o f  s e c o n d  m e s s e n g e r s  w i t h i n  t h e  cells; 
i n  o t h e r  c a s e s  t h e y  d i f f u s e  a w a y  f r o m  t h e  c e l l  a n d  a c t  a s  l o c a l  h o r -
F i g .  A E f f e c t  o f  s e v e r a l  i n d o l e s  o n  i s o p r o t e r e n o l - i n d u c e d  c y c l i c  
A M P  a c c u m u l a t i o n  i n  r a t  a s t r o g l i a l  c u l t u r e s .  S h o w n  a r e  t h e  
m e a n s  ±  S E M  ( n ) .  A s t e r i s k s  d e s i g n a t e  s i g n i f i c a n t  d i f f e r e n c e s  
a s  c o m p a r e d  t o  c u l t u r e s  i n c u b a t e d  i n  t h e  a b s e n c e  o f  i n d o l e  
( p  < G . 0 5  a n a l y s i s  o f  v a r i a n c e ) .  F o r  e x p e r i m e n t a l  d e t a i l s  
s e e  U a c a s  e t  a l .  ( 1 9 B A a ) .
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m a n e s  t o  m a d u l a t e  t h e  a c t i v i t y  a f  s u r r o u n d i n g  c e l l s  ( C a r d i n a l i  a n d  
R i t t a , 1 9 8 3 ) .
T h e  b e s t  c h a r a c t e r i z e d  e f f e c t  a f  P G E g  o n  t h e  n e u r o e n d o c r i n e  
h y p o t h a l a m u s  i s  t h a t  o n  L H R H  r e l e a s e ;  P G E g  d e c r e a s e d  t h e  h y p o t h a l a m i c  
c o n t e n t  o f  L H R H  a n d  i n d u c e d  L H R H  r e l e a s e  i n t o  t h e  p o r t a l  b l o o d  
( E s k a y  e t  a l . , 1 9 7 5 ) ;  m o r e o v e r  t h e  r i s e  o f  s e r u m  L H  e l i c i t e d  b y  P G E 2  
w a s  p r e v e n t e d  b y  t h e  s i m u l t a n e o u s  a d m i n i s t r a t i o n  o f  L H R H  a n t i s e r u m  
( C h o b s i e n g  e t  a l . , 1 9 7 5 ) .  F r a g m e n t s  o f  m e d i a n  e m i n e n c e  o r  M B H  i n c u b a t ­
e d  w i t h  d i f f e r e n t  c o n c e n t r a t i o n s  o f  l\IE r e s u l t e d  i n  d o s e - r e l a t e d  i n ­
c r e a s e s  o f  P G E 2 t h r o u g h  i n t e r a c t i o n  w i t h  = < _ - a d r e n o c e p t o r s  a n d  P G E 2  
s t i m u l a t e s  L H R H  r e l e a s e  f r o m  M B H  i n  v i t r o  p r e s u m a b l y  b y  a c t i n g  o n  
L H R H - s e c r e t i n g  c e l l s  ( O j e d a  e t  a l . , 1 9 B 1 ) .  T h e  P G - s y n t h e s i s  i n h i b i t o r  
i n d o m e t h a c i n  p r e v e n t e d  L H  r e l e a s e  a n d  o v u l a t i o n  w h e n  i n j e c t e d  i n  v i v o  
a n d  N E - i n d u c e d  L H R H  r e l e a s e  i n  r a t  M B H  e x p l a n t s  i n  v i t r o  ( O j e d a  e t  al, 
1 9 8 1 ) .
B a s e d  o n  t h e  s t r u c t u r a l  s i m i l a r i t i e s  b e t w e e n  m e l a t o n i n  a n d  i n d o ­
m e t h a c i n  (IM-p f c h l o r o b e n z o l j  - 2 - m e t h y l - 5 - m e t h o x y i n d o l e - 3 - a c e t i c  a c i d )  
L e a c h  a n d  T h o r n b u r n  ( 1 9 8 Ü )  a n d  w e  ( C a r d i n a l i  e t  a l . , 1 9 8 0 ;  " G i m e n o  e t  
a l . , 1 9 8 0 )  p u t  f o r t h  i n d e p e n d e n t l y  t h e  h y p o t h e s i s  t h a t  t h e  p i n e a l  h o r ­
m o n e  c o u l d  d e p r e s s  P G  s y n t h e s i s  a t  t h e  l e v e l  o f  i t s  t a r g e t  c e l l s .  
I n d e e d  m e l a t o n i n  a n d  i n d o m e t h a c i n  s h a r e  s e v e r a l  b i o c h e m i c a l  a n d  p h a r m a ­
c o l o g i c a l  p r o p e r t i e s .  B o t h  h a v e  c o m m o n  a n t i g e n i c  p r o p e r t i e s ,  i n h i b i t  
t h e  p o s t - c a s t r a t i o n  a n d  s t e r o i d - i n d u c e d  r i s e  o f  L H  a t  a h y p o t h a l a m i c  
s i t e ,  a n d  a f f e c t  c e n t r a l  a n d  p e r i p h e r a l  p h e n o m e n a  l i n k e d  t o  P G  p r o ­
d u c t i o n  ( C a r d i n a l i , 1 9 8 1 a ) . W h e n  t h e  e f f e c t s  o f  s u b m i c r o m o l a r  c o n c e n ­
t r a t i o n s  o f  m e l a t o n i n  D n  r a t  M B H  P G E 2 s y n t h e s i s  i n  v i t r o  w e r e  a s ­
s e s s e d  a d e p r e s s i o n  o f  t h e  s p o n t a n e o u s  ( F i g . 3 )  a n d  I M E - i n d u c e d  P G E 2  
r e l e a s e  w a s  o b s e r v e d  a t  m e l a t o n i n  c o n c e n t r a t i o n s  o f  1 0  n M  o r  h i g h e r  
( C a r d i n a l i  e t  a l . , 1 9 8 0 ) . K e e p i n g  i n  p a c e  w i t h  t h i s  o b s e r v a t i o n  L e a c h  
e t  a l  ( 1 9 8 2 )  r e p o r t e d  t h a t  L O O  u g  o f  m e l a t o n i n  i n j e c t e d  i n t o  t h e  C S F  
p r e v e n t e d  b o t h  o v u l a t i o n  a s  w e l l  a s  t h e  i n c r e a s e  o f  P G E 2 i n  C S F  f o l ­
l o w i n g  t h e  s t i m u l a t i o n  o f  u t e r i n e  c e r v i x  i n  m a t u r e  r a b b i t s .  T h r o m b o ­
x a n e  r e l e a s e  f r o m  p l a t e l e t s  a n d  p l a t e l e t  a g g r e g a t i o n  ( a  t h r o m b o x a n e -  
d e p e n d e n t  p h e n o m e n o n )  a r e  a l s o  i n h i b i t e d  b y  m e l a t o n i n  ( L e a c h  a n d  
T h o r n b u r n , 1 9 8 0 ;  G i m e n o  e t  a l , 1 9 8 1 ) .  T h e r e f o r e  t h e  p o s s i b i l i t y  a r i s e s  
t h a t  a t  l e a s t  s o m e  o f  m e l a t o n i n  e f f e c t s  o n  b r a i n  c e l l s  c a n  b e  a t t r i ­
b u t e d  t o  i n h i b i t i o n  o f  c y c l o o x y g e n a s e  a c t i v i t y .
C A L C I U M
2+C a  p l a y s  a s i g n i f i c a n t  r o l e  i n  t h e  f u n c t i o n  o f  t h e  n e r v o u s  
s y s t e m .  T h e  r e l e a s e  o f  n e u r o t r a n s m i t t e r s  i s  d e p e n d e n t  o n  a m b i e n t  C a ^ +  
c o n c e n t r a t i o n  t h r o u g h  a n  e f f e c t  u n r e l a t e d  t o  t h e  p r e s y n a p t i c  a c t i o n  
p o t e n t i a l  b u t  d i r e c t l y  l i n k e d  t o  t h e  e n t r y  o f  C a ^ +  i n t o  t h e  p r e s y n ­
a p t i c  t e r m i n a l  ( D e  L o r e n z o , 1 9 8 1 ) .  I n  v i e w  t h a t  m e l a t o n i n  ( 0 . 1  n M - 1  lM )  
i n h i b i t e d  b o t h  t h e  e l e c t r i c a l l y - i n d u c e d  a n d  K + - s t i m u l a t e d  r e l e a s e  
o f  d o p a m i n e  f r o m  t h e  r a t  h y p o t h a l a m u s  i n  v i t r o ,  Z i s a p e l  a n d  L a u d o n  
( 1 9 8 3 )  e x a m i n e d  C a 2 + - d e p e n d e n c y  o f  d o p a m i n e  r e l e a s e  e v o k e d  b y  e l e c ­
t r i c a l  f i e l d  s t i m u l a t i o n  o f  r a t  h y p o t h a l a m i c  t i s s u e .  T h e s e  a u t h o r s  
f o u n d  t h a t  n a n o m o l a r  c o n c e n t r a t i o n s  o f  m e l a t o n i n  i n h i b i t e d  C a ^ + - 
d e p e n d e n t  d o p a m i n e  r e l e a s e ,  a s  w e l l  a s  r e d u c e d  t i s s u e  u p t a k e  o f  
^ C a ^ + d u r i n g  s t i m u l a t i o n  c a u s e d  b y  e i t h e r  a n  e l e c t r i c a l  f i e l d  o r  
e l e v a t e d  K +  c o n c e n t r a t i o n .  S i n c e  t h e  C a ? + i o n o p h o r e  A  2 3 1 8 7  b l u n t e d  
t h e  i n h i b i t i o n  b y  m e l a t o n i n  o f  d o p a m i n e  r e l e a s e  a n d  C a ^  u p t a k e
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í+5 2 +F i g .  5  E f f e c t  c f  m e l a t o n i n  o n  C a  u p t a k e  b y  r a t  b r a i n  s y n a p t o -  
s o m e s  d e t e r m i n e d  a t  3 7  D C  i n  a n  a s s a y  s y s t e m  c o n t a i n i n g  5 
m M  K C 1  o r  5 0  m M  K C 1 .  S h o w n  a r e  t h e  m e a n s  ±  S E M  ( n =  6 i n  e a c h  
g r o u p ) .  A s t e r i s k s  d e s i g n a t e  s i g n i f i c a n t  d i f f e r e n c e s  b e t w e e n  
m e l a t o n i n  a n d  c o n t r o l  g r o u p s  ( p  < 0 . 0 5 ,  S t u d e n t ' s  t_ t e s t ) .
F o r  e x p e r i m e n t a l  d e t a i l s  s e e  V a c a s  e t  a l .  ( 1 9 8 A b ) .
Z i s a p e l  a n d  L a u d o n  ( 1 9 8 3 )  c o n c l u d e d  t h a t  t h e  i n h i b i t o r y  e f f e c t  o f  
m e l a t o n i n  o n  t r a n s m i t t e r  r e l e a s e  d e p e n d e d  o n  t h e  r e d u c t i o n  o f  C a ^ +  
e f l u x e s  i n t o  t h e  p r e s y n a p t i c  t e r m i n a l s .  H o w e v e r  n o  d a t a  w e r e  p r o v i d e d  
o n  t h e  e f f e c t  o f  m e l a t o n i n  o n  b a s a l ,  u n s t i m u l a t e d  ^ C a ^ + u p t a k e  i n  
h y p o t h a l a m i c  s l i c e s  a n d  o t h e r  p o s s i b l e  m e c h a n i s m s  a s  a h y p e r p o l a r i z a ­
t i o n  o f  t h e  t r a n s m i t t e r - r e l e a s i n g  n e u r o n  r e n d e r i n g  i t  l e s s  s u s c e p t i b l e  
t o  a c t i o n  p o t e n t i a l s  s h o u l d  b e  a l s o  c o n s i d e r e d .  T h e r e f o r e  w e  s e t  u p  
a s e r i e s  o f  e x p e r i m e n t s  a i m i n g  t o  a s s e s s  w h e t h e r  i n  b r a i n  s y n a p t o s o -  
m e s  d e p o l a r i z e d  b y  h i g h  K +  b u f f e r  t h e  r e s u l t a n t  i n c r e a s e  o f  C a ^ +  i n ­
f l u x  a s  w e l l  a s  t h e  b a s a l  u p t a k e  w e r e  a f f e c t e d  b y  m e l a t o n i n  a n d  i t s  
a n a l o g u e s  ( V a c a s  e t  a l . , 1 9 B A b ) .
2+I n  s y n a p t o s o m e s  v o l t a g e - d e p e n d e n t  C a  c h a n n e l s  a r e  a c t i v a t e d  
d u r i n g  h i g h  K +  s t i m u l a t i o n  a l l o w i n g  t h e  d i f f u s i o n  o f  C a ^ +  i n t o  t h e  
i n t r a c e l l u l a r  s p a c e .  T o  e v o k e  n e u r o t r a n s m i t t e r  r e l e a s e  i n t r a c e l l u l a r  
C a ^ +  c o n c e n t r a t i o n  m u s t  i n c r e a s e  t r a n s i e n t l y  a b o u t  t w o  o r d e r s  o f  m a g ­
n i t u d e  t o  a p e a k  o f  1 - 1 0  u M  ( R u b i n , 1 9 6 2 ) .  S u b s e q u e n t l y  i n t r a c e l l u l a r  
o r g a n e l l e s  l i k e  t h e  e n d o p l a s m i c  r e t i c u l u m  o r  t h e  m i t o c h o n d r i a  p r o v i d e  
t h e  b u f f e r i n g  s y s t e m  t o  s e q u e s t e r  f r e e  C a ^  t h u s  r e s t o r i n g  t h e  r e s t ­
i n g  s t a t e .  T h e  t i m e  c o u r s e  o f  tf3C a ^ +  u p t a k e  i n t o  r a t  b r a i n  s y n a p t o ­
s o m e s  i n d i c a t e d  t h a t  a f t e r  a r a p i d  i n f l u x  d u r i n g  t h e  f i r s t  3 0 s  C a ^ +  
u p t a k e  r e a c h e d  e q u i l i b r i u m  a t  a b o u t  1 m i n  ( F i g . 5 ) .  M e l a t o n i n  u p  t o  
1 u M  f a i l e d  t o  a f f e c t  i* ^ C a ^ +  u p t a k e  i n  l o w  K +  m e d i u m  b u t  d e c r e a s e d  
s i g n i f i c a n t l y  t h e  u p t a k e  s t i m u l a t e d  b y  5 0  m M  K .  O t h e r  m e t h o x y i n d o l e B ,  
i . e .  5 - m e t h o x y t r y p t o p h o l ,  5 - m e t h o x y t r y p t a m i n e  a n d  6 - c h l o r o m e l a t o n i n
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( 1 0  n|4- 1 u M )  a l s o  d e p r e s s e d  s i g n i f i c a n t l y  t h e  K - s t i m u l a t e d  i n c r e a s e  
□ f  s y n a p t c s o m e  C a  u p t a k e ,  i n  s e m e  c a s e s  e v e n  i n  a m o r e  a c t i v e  w a y  
t h a n  m e l a t o n i n  ( V / a c a s  e t  a l . , 1 9 B A b ) .  S e r o t o n i n  w h o s e  i n d o l e  r i n g  i s  
d e v o i d  o f  a m e t h o x y  m o e i t y  w a s  e s s e n t i a l l y  i n a c t i v e  o n  t h e  p a r a m e t e r  
e x a m i n e d .  T h e r e f o r e  o u r  r e s u l t s  a n d  t h o s e  o f  Z i s a p e l  a n d  L a u d o n  (19B3) 
i n d i c a t e  t h a t  p i n e a l  m e t h o x y i n d o l e s  i m p a i r  C a ^ +  e n t r y  i n t o  d e p o l a r i z ­
e d  n e r v e  e n d i n g s ,  b y  a f f e c t i n g  d i r e c t l y  o r  i n d i r e c t l y  t h e  C a  c h a n n e l .  
I n  t h e  b r a i n  t h e  c a l m o d u l i n - C a 2 +  c o m p l e x  m e d i a t e s  m o s t  o f  t h e  e f f e c t s  
o f  C a ^ +  o n  n e u r o t r a n s m i s s i o n  i n c l u d i n g  e n d o g e n o u s  s y n a p t i c  C a 2 + -  c a l ­
m o d u l i n  p r o t e i n  k i n a s e  a c t i v a t i o n ,  n e u r o t r a n s m i t t e r  r e l e a s e ,  a n d  
s y n a p t i c  v e s i c l e - s y n a p t i c  m e m b r a n e  i n t e r a c t i o n  ( D e  L o r e n z o , 1 9 8 1 ) .  
N e u r o a c t i v e  d r u g s  l i k e  t r i f l u o r o p e r a z i n e ,  a p h e n o t i a z i n e  t h a t  i n a c ­
t i v a t e  c a l m o d u l i n  o r  d i a z e p a m ,  a B Z P  t h a t  a n t a g o n i z e s  t h e  e f f e c t  o f  
t h e  C a ^ + - c a l m o d u l i n  c o m p l e x  o n  p r o t e i n  k i n a s e , m a y  a f f e c t  n e u r o t r a n s -  
m i s s i o n  p a r t l y  b y  i n t e r f e r e n c e  w i t h  t h e  C a ^ + - c a l m o d u l i n  s y s t e m  ( D e  
L o r e n z o , 1 9 B 1 ) .  I n  v i e w  o f  t h e  a b o v e  r e p o r t e d  e f f e c t s  o f  m e l a t o n i n  o n  
b r a i n  B Z P  r e c e p t o r  a c t i v i t y  a n d  i*->Ca*~+ u p t a k e  i t  i s  t e m p t i n g  t o  p o s t ­
u l a t e  t h a t  t h e  p i n e a l  h o r m o n e  i n t e r f e r e s  b o t h  w i t h  C a ^ +  i n f l u x  a n d  
w i t h  C a ^ +  m e d i a t e d  p h e n o m e n a  a t  i t s  t a r g e t  c e l l s  i n  b r a i n .  U n d o u o t e l y  
s o m e  o f  t h e s e  p h e n o m e n a  m a y  i n c l u d e  c y c l i c  n u c l e o t i d e  a n d  P G E £  s y n ­
t h e s i s  ( R u b i n , 1 9 B 2 ) .
P H Y S I O L O G I C A L  I M P L I C A T I O N S  O F  S E C O N D  M E S S E N G E R S '  C H A N G E S
A t  l e a s t  t w o  q u e s t i o n s  a r i s e  f r o m  t h e  f o r e g o i n g  d i s c u s s i o n :  ( i )  
m i g h t  t h e  m e l a t o n i n  b i n d i n g  s i t e s  a n d  c h a n g e s  i n  s e c o n d  m e s s e n g e r s  
a b o v e  r e p o r t e d  b e  r e l a t e d  i n  a  c a u s a l  w a y  t o  t h e  i n  v i t r o  n e u r o -  
c h e m i c a l  e f f e c t s  o f  m e l a t o n i n  ? ;  ( i i )  a r e  t h e s e  e f f e c t s  l i n k e d  t o  t h e  
n e u r o e n d o c r i n e  a c t i v i t y  o f  m e l a t o n i n  o n  e n d o c r i n e  s e a s o n a l i t y  7 .  
A l t h o u g h  s o m e  s p e c u l a t i o n s  o n  t h e  f i r s t  p o i n t  c a n  b e  e n t e r t a i n e d ,  t h e  
a n s w e r  t o  t h e  s e c o n d  q u e s t i o n  i s  l a r g e l y  u n k n o w n .
M e l a t o n i n  a p p e a r s  t o  a c t  o n  n e u r o n s  o r  g l i a l  c e l l s  t o  s e t  t h e  
" t o n u s "  t o  r e c e i v e  a n o t h e r  m e s s a g e ,  l i k e  a t r a n s m i t t e r  r e l e a s e d  a t  
t h e  s y n a p t i c  c l e f t  o r  a c i r c u l a t i n g  h o r m o n e  a t t a i n i n g  t h e  c e l l s  f r o m  
t h e  b l o o d  s t r e a m .  T h a t  m e l a t o n i n  a c t s  o n  i t s  o w n  s p e c i f i c  r e c o g n i t i o n  
s i t e s  i n  c e l l  m e m b r a n e s  a n d  c y t o p l a s m  a n d  n o t  o n  s e r o t o n i n  r e c e p t o r s  
i s  n o w  s u p p o r t e d  b y  r a d i o l i g a n d  b i n d i n g  s t u d i e s ,  n e u r o c h e m i c a l  d a t a  
a n d  n e u r o p h a r m a c o l o g i c a l  e x p e r i m e n t s  ( e . g .  s e e  S u g d e n , 1 9 8 3 ) .  A  f e a s i ­
b l e  p r i m a r y  p o s t - r e c e p t o r  e v e n t  i n  m e l a t o n i n  a c t i o n  c a n  b e  t h e  i m p a i r ­
m e n t  o f  C a ^ +  i n f l u x .  I n d e e d  C a ^ +  a n d  c a l m o d u l i n  a r e  k n o w n  t o  r e g u l a t e  
s e v e r a l  s y n a p t i c  p r o c e s s e s  i n  i s o l a t e d  a n d  i n t a c t  b r a i n  p r e p a r a t i o n s ,  
a n d  t h r o u g h  t h e  a c t i v a t i o n  o f  s y n a p t i c  C a 2 + - c a l m o d u l i n  p r o t e i n  k i n a s e  
m a y  a f f e c t  m e m b r a n e  f u n c t i o n  ( D e  L o r e n z o , 1 9 B 1 ). T h u s  t h e  r e d u c e d  C a ^ +  
u p t a k e  e l i c i t e d  b y  m e l a t o n i n  c o u l d  m o d i f y  c y c l i c  n u c l e o t i d e  a n d  P G  
p r o d u c t i o n  b y  a f f e c t i n g  c e l l  m e m b r a n e  e n z y m e s  l i k e  a d e n y l a t e  a n d  
g u a n y l a t e  c y c l a s e s ,  p h o s p h o l i p a s e s  o r  c y c l o o x y g e n a s e .
A n o t h e r  p o s s i b i l i t y  i s  t h a t  t h e  p r i m a r y  p o s t - r e c e p t o r  e v e n t  
t r i g g e r e d  b y  m e l a t o n i n  i s  m o d i f i e d  c y c l i c  n u c l e o t i d e  s y n t h e s i s , m e l a ­
t o n i n  m o d u l a t i n g  C a ^ +  c h a n n e l  a s  a c o n s e q u e n c e  o f  d e c r e a s e d  l e v e l s  
D f  c y c l i c  A M P  o r  i n c r e a s e d  l e v e l s  o f  c y c l i c  G M P  i n  t a r g e t  c e l l s .  
I m p a i r m e n t  o f  c y c l i c  A M P  s y n t h e s i s  c o u l d  b e  e x e r t e d  a t  t h e  i n t e r ­
a c t i o n  o f  g u a n i n e  n u c l e o t i d e s  w i t h  t h e  g u a n i n e  n u c l e o t i d e  r e g u l a t o r y  
p r o t e i n  w h i c h  i s  k n o w n  t o  m e d i a t e  t h e  e f f e c t s  o f  5 - a d r e n o c e p t o r  a g o ­
n i s t s  o n  a d e n y l a t e  c y c l a s e .  R e c e n t  e x p e r i m e n t a l  d a t a  s u p p o r t  t h i s
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v i e w  ( N i l e s , 1 9 8 3 ) .  M e l a t o n i n  c o u l d  a l s o  i m p a i r  N E - e v o k e d  c y c l i c  A M P  
i n c r e a s e  b y  t h e  p r i m a r y  i n h i b i t i o n  o f  P G E 2  s y n t h e s i s ,  s i n c e  P G s  a r e  
p o t e n t  s t i m u l a t o r s  o f  c y c l i c  A M P  p r o d u c t i o n  i n  g l i a l  c u l t u r e s  a n d  
b r a i n  s l i c e s  ( P a r t i n g t o n  e t  a l . , 1 9 8 D ;  W o l f e , 1 9 8 2 ) .  I t  i s  n o t  k n o w n  
w h e t h e r  m e l a t o n i n  i m p a i r s  P G E g  s y n t h e s i s  i n  g l i a l  c e l l s .
S u m m a r i z i n g  f r o m  t h e  a m o u n t  o f  d a t a  o n  t h e  s u b j e c t  a n d  b a s e d  o n  
w h a t  i s  k n o w n  f r o m  o t h e r  s y s t e m s  i t  c a n  b e  p o s t u l a t e d  t h a t  m e l a t o n i n -  
i n d u c e d  p o s t - r e c e p t o r  e v e n t s  i n c l u d e  i n h i b i t i o n  o f  C a ^ +  i n f l u x  a n d  
s u b s e q u e n t  m o d i f i c a t i o n  o f  c y c l i c  n u c l e o t i d e  a n d  P G E 2  s y n t h e s i s .  
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INTRODUCTION
H isto r ic a lly , the indolealkylamine which has received most 
atten tio n  i s  seroton in . I t s  presence and action s have been id e n tif ie d  in  
various t is su e s  including p la te le t s  (Gaddum 1936; Page 1954), 
g a str o in te s tin a l tra c t (Erspamer 1966) and central nervous system (Twarog 
and Page 1953; Osborne 1982).
Melatonin (Lerner e t a l ,  1958) and N -acetylseroton in  (Brownstein 
e t  a l ,  1973) were f i r s t  id e n tif ie d  in  the p ineal gland. In the p in eal 
gland serotonin  i s  converted to N -acetylseroton in  by the enzyme 
N -acetyltransferase (Weissbach e t  a l ,  1960). N -acetylserotonin  i s  
subsequently converted to  melatonin by hydroxyindole-O-methyltransferase 
(Axelrod and Weissbach 1961). The rate lim itin g  step  in th is  pathway is  
N -acety ltransferase. This enzyme shows a marked circadian rhythm with 
highest a c t iv ity  during darkness, which i s  regulated by sympathetic input 
to the p in eal gland actin g  on beta adrenergic receptors on the  
pinealocytes (Klein and Weller 1970). Although N -acetyltransterase  
(NATase) and hydroxyindole-O-m ethyltransferase (HIOMT) a c t iv ite s  are 
highest in  the p ineal gland they are not confined to  that t is su e  (E llison  
e t  a l ,  1972; Paul e t  a l ,  1974; Cardinali and Rosner 1971) . Hence 
syn th esis  of N -acetylserotonin  and melatonin may take p lace outside of 
the p in ea l.
Melatonin in  Extrapineal T issues
Innrunohistochemistry has been used to  in v estig a te  lo c a liz a t io n  of 
melatonin in  several t is su e s  other than the p ineal gland. In the retina  
melatonin has been id e n tif ie d  using a variety  of an tisera  (Bubenik e t  a l ,  
1976c; V ivien Roels e t  a l ,  1981). In the retina  melatonin i s  lo ca lized  
in or adjacent to  the outer nuclear layer . In the rat pup retina  
melatonin i s  already d etectab le  by day two increasing to  adult le v e ls  by 
day 20 (Bubenik e t  a l ,  1978) . Administration of melatonin (by in jec tio n  
or implantation) leads to  an increase in  re tin a l m elatonin. This 
increase in d ica tes  that the retin a  i s  capable of taking up melatonin from 
the c ircu la tio n  and that i t  may contain a melatonin binding p rotein .
Diurnal varia tion  of ínmunoreactive r e tin a l melatonin le v e ls  has 
been demonstrated (Bubenik e t  a l ,  1978; Grota e t  a l ,  1982). The 
presence of melatonin in  retina  has been confirmed by th in  layer
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chromatography (Pevet e t  a l ,  1980) and by radioirrmunoassay (Pang e t  a l ,  
1977; R eiter e t  a l ,  1980).
Synthesis o± melatonin has been reported in  retina ot trout, 
hamsters and moles (Gern and Ralph, 1979; Pevel e t  a l ,  1980, 1981) and 
the enzymes HIOMT (Cardinali and Rosner, 1971) and NATase (Binkley e t  a l ,  
1979) have been demonstrated in  that t is s u e .
Melatonin has a lso  been demonstrated in  the acinar c e l l s  ot the 
Harderian gland by immunohistoiogy and the amount appeared to co rre la te  
with the amount ot porphyrin m  the ac in i (Bubenik e t  a t , 1976b). 
Diurnal variation  ot melatonin has a lso  been shown in the Harderian gland 
as w ell as an increase in  melatonin fo llow ing adm inistration (Bubenik e t  
a l ,  1978). Melatonin syn th esis has been reported in both hamsters and 
mole Harderian glands (Pevet e t  a l ,  1980, 1981). HIOMT has been shown 
in  Harderian gland (Cardinali and Rosner, 1972; Pevet e t  a l ,  1980) but 
d irec t demonstration ot NATase has not been achieved to  date. The
presence of melatonin in  Harderian gland has been confirmed by 
radioimmunoassay (Pang e t  a l ,  1977) .
Iirmunoreactive melatonin has a lso  been v isu a lized  in  the 
g a stro in te stin a l tr a c t . I t  i s  found m  the e p ith e lia l  layer and
although i t  has not been p ossib le  to id e n tity  the c e i l  type, the 
lo c a liz a t io n  corresponds to  that ot the enterochromattin c e l l s  which are 
known to  contain serotonin  (Bubenik e t  a l ,  1977). No diurnal variation  
i s  found in  immunoreactive melatonin in  colon (Holloway e t  a l ,  1980). 
HIOMT a c t iv ity  has been reported in  gut (Quay and Ma, 1976) but the 
presence ot NATase has yet to  be studied .
Melatonin has been demonstrated by immunohistochemistry in the 
suprachiasmatic nucleus ot the hypothalamus (Bubenik e t  a l ,  1976c) and in  
the hypothalamus (Grota e t  a l ,  1982) . The 24 hour pattern ot
hypothalamic melatonin immunotluorescence appears to be a composite of 
the r e tin a l and serum rhythms (Grota e t a l ,  1982).
Melatonin in the Circulation
The presence ot melatonin in  several t is su e s  outside ot the 
pineal gland r a ise s  the p o s s ib i l i t y  that these t is su e s  might give r is e  to  
c ircu la tin g  m elatonin. Indeed stu d ies  have reported that pinealectamy 
f a i l s  to  e lim inate radioimmunoassayable melatonin from the c ircu la tio n  in  
the rat (Ozaki and Lynch, 1966; Yu e t  a l ,  1981) and the sheep (Kennaway 
e t  a l ,  1977).
Recent stu d ies  using gas chromatography-mass spectroscopy with 
negative chemical ion d etection  (GCMS-NCI) have shown the v ir tu a l  
disappearance ot plasma melatonin in  the rat (Lewy e t  a i ,  1980) and ot 
urinary 6-hydroxymelatonin in  the rhesus monkey (Tetsuo e t  a l ,  1982) 
fo llow ing pinealectomy. Using a radioimmunoassay tor serum melatonin 
which has been cross validated  with GCMS-NCI (Grota e t  a l ,  1981b) we a lso  
find that serum melatonin le v e ls  in the rat are below the lim it  ot assay  
s e n s i t iv i ty  fo llow ing pinealectomy (Brown e t  a l ,  1983b). I t  i s  
concluded that under these circumstances the p ineal i s  the major source 
of c ircu la tin g  m elatonin.
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Target Sites for Melatonin
Several reports have im plicated the p ineal hormone, m elatonin, in  
the regulation  of neuroendocrine function and behaviour (Datta and King, 
1978; C ardinali, 1981; Brown and N ile s , 1983); however the s i t e s  and 
mechanisms involved await c la r if ic a t io n . In attempts to  id e n tify  the 
p o ten tia l target s i t e s  for m elatonin, various in vestiga tors have carried  
out binding stu d ies with the tr it ia te d  hormone.
In 1978, s p e c if ic  high a f f in i ty  binding s i t e s  for [j n] melatonin 
were reported to  be present in  the 105,000 g supernatant fra c tio n s fron  
human, rat and hamster ovaries (Cohen e t  a l ,  1978). S p ec ific  binding 
was maximal a fter  3 hours of incubation, however, the temperature used 
was not mentioned. Binding was heat la b i le  with a complete lo ss  
observed a fte r  incubation at 70° for 10 min.
Analysis of binding data for hamster cy to so l indicated two 
c la sse s  of binding s i t e s  (Table 1 ) . Melatonin and 6-fluorom elatonin  
read ily  in h ib ited  binding w hile other indoles showed lower a f f in ity :  
5-methoxyindole > 5-hydroxytryptamine > 5-methoxytryptamine. Binding was 
not a ffected  by tryptophan, 4 ,6-d ifluorom elatonin , histam ine, dopamine or 
epinephrine. On the b asis  of these prelim inary fin d in g s, the authors 
suggested that binding requires the indole nucleus and that le s s  a f f in i ty  
i s  exh ib ited  by indoles lacking the N-acetyl group.
While Cohen and coworkers (1978) did not d etect s p e c if ic  binding 
of 3N-melatonin in  whole brain cy to so l, N iles and coworkers (1979b) 
observed binding in  cy toso l fra ctio n s prepared from various rat brain 
regions. This binding was saturable a t 40-50 nM 3N-melatonin and was 
maximal a fte r  incubation for  2 1/2 hours a t 37°C (unpublished 
observations). One c la ss  of high a f f in i t y  s i t e s  was detected in  the 
hypothalamus, hippocampus and striatum  (Table 1) . In the midbrain 
binding was of lew a f f in i t y  (Kd = 302 nM) and high capacity  (B = 1370 
fmol/mg p r o te in ).
In contrast to the foregoing, Cardinali and coworkers reported 
the presence of high a f f in i t y  s i t e s  for 3H-melatonin in  crude membrane 
preparations from bovine, rat and hamster brains (Cardinali e t  a l ,  1979; 
Vacas and C ardinali, 1979). In bovine membranes, binding was h ighest in  
the medial basal hypothalamus and stru ctu ral s p e c if ic i ty  stu d ies  
indicated that the 5-methoxy su b stitu en t was necessary for high a f f in i ty  
binding (Cardinali e t  a l ,  1979). This stru ctu ra l requirement has a lso  
been observed in  more recent stu d ies which indicated sim ilar Kd values 
but s ig n if ic a n t ly  higher binding s i t e  concentrations in rat brain  
membranes subjected to  m ultip le washing (N iles, 1983).
More work ranains to  be done in  order to  fu l ly  characterize the  
binding s i t e s  for  JH-melatonin and to  determine whether or not these  
s i t e s  are receptors involved in producing the b io lo g ic  e f f e c t s  of 
m elatonin. Preliminary evidence that the concentration of binding s i t e s  
in  rat and hamster brains i s  higher la te  in  the photoperiod (Vacas and 
C ardinali, 1979) when melatonin in jec tio n s  are most e f fe c t iv e  in  
influencing neuroendocrine function (Reiter e t  a l ,  1976) and that 
melatonin a lte r s  adenylate cyc lase  a c t iv ity  in  rat brain membranes 
(N iles , 1983), o ffer s  support for the ph ysio log ic  relevance of melatonin  
binding s i t e s .
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TABLE 1
C haracteristics of [3H] -m elatonin binding  
in  cy sto so l and membrane fra c tio n s from various 
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N-Acetylserotonin in  the CNS Tissues Other Than the P ineal Gland
In the la s t  decade inmunohistochemical procedures have been used 
e x t e n s i v e l y  to  l o c a l i z e  and t r a c e  th e  n e u r a l path w ays o f  
neurotransm itters. U ntil a few years ago the fluorescence condensation  
methods were the only ava ila b le  techniques for the v isu a liz a tio n  of 
monoaminergic amines in  t is s u e s . The development and u t i l iz a t io n  of 
antisera  to  the indoleamine: serotonin , melatonin and N -acetylserotonin  
(Grota and Brown, 1974; Steinbusch, 1978, 1981; Brown e t  a l ,  1983a; 
Pulido e t  a l ,  1983) marked a step  forward in  indoleamine research. The 
a p p l i c a t io n  o f t h e s e  a n t i s e r a  to  im m u n o h is to ch em istry  and 
radioimmunoassay (RIA) have made p o ssib le  th e ir  measurement (Pang e t  a l ,  
1983a,b; Pulido e t  a l ,  1981, 1983a). N -acetylserotonin  (NAS) i s  an
indole i n i t i a l l y  recognized as a product of the p ineal gland. However, a 
wide d istr ib u tio n  through the central nervous system has been 
demonstrated using immunohistochemistry (Bubenik e t  a l ,  1974; P o r ie t is  e t  
a l ,  1978; Pulido e t  a l ,  1981, 1983a; Brown e t  a l ,  1983a,b) and
radioimmunoassay (Pang e t  a l ,  1977, 1981). The s p e c i f ic i ty  of the NAS 
antisera  and the v a lid ity  of the immunohistochemical procedures and of 
the radioimmunoassay (RIA) have been investigated  ex ten siv e ly  (Pulido e t  
a l ,  1983; Brown e t  a l ,  1983a,b; Pang e t  a l ,  1981).
D etailed  comparison between the d istr ib u tio n  of INAS containing  
structures and those containing serotonin showed major d ifferen ces  
(Pulido e t  a l ,  1983, Brown e t  a l ,  1983a). Furthermore no melatonin has 
been v isu a lized  w ithin those brain areas where INAS has been lo ca lized  
(Brown e t  a l ,  1983a).
INAS has been demonstrated in hippocampus by immunohistochemistry 
(P o r ie tis  e t  a l ,  1978; Brown e t  a l ,  1983a, Psarakis e t  a l ,  1982) and 
confirmed by gas chrcmatography-mass spectcmetry (GCMS) (Brown e t  a l ,
1981). Serotonin lo c a liz a t io n  has a lso  been widely reported in  the  
hippocampus (Steinbusch, 1981). However, the d istr ib u tio n  of INAS i s  
su b sta n tia lly  d ifferen t from that of 5-HT. INAS, but not 5-HT, has been 
lo ca lized  w ithin c e l l  bodies of the pyramidal c e l l  layers of CA and CA-, 
as w ell as in  the granular c e l l  layer of the CA dentate region (Brown e t  
a l ,  1983a). The presence of INAS in  the granular c e l l  layer of the 
dentate gyrus has been shewn to be age-dependent. I t  appears as early  
as 20 days post-conception and reaches adult le v e ls  by 38 days 
post-conception (Psarakis e t  a l ,  1982).
INAS i s  present in  s ig n if ic a n t  amounts in the cerebellum where i t  
i s  lo ca lized  in  the granular layer of the cortex , Purkinje c e l l s  and 
cereb ellar  nuclei (Pulido e t  a l ,  1983a). A sim ilar d istr ib u tio n  has 
been observed in  several rat sp ec ies and in  human (Pulido e t  a l ,  1983a; 
Brown e t  a l ,  1983a). No melatonin containing structures have been
lo ca lized  in  cerebellum (Brown e t  a l ,  1983a). Serotonin has been 
reported in  very low amounts in  the cerebellum and only in  nerve 
term inals (Steinbush, 1981). The presence of INAS in the granular layer  
of the rat cerebellum has shown to be regulated by a B-adrenergic 
mechanism sim ilar to  that of the pineal gland (Pulido e t  a l ,  1983b). 
Preliminary in v estig a tio n s using young pigmented ra ts maintained on 
12L:12D cy c le  have shown that INAS in cerebellum maintains constant 
le v e ls  in  l ig h t  and dark (Pulido and Josh i, 1984).
296
INAS has a wide d istr ib u tio n  throughout the brain stem. A 
d eta iled  mapping of th is  d istr ib u tio n  has been published (Pulido e t  a l ,  
1983a). Among the most conspicuous structures containing INAS are the 
locus coeruleus, cochlear n u c le i, vestib u lar  n u c le i, nuclei pon tis and 
the re ticu la r  substance (Pulido e t  a l ,  1983a; Brown e t  a l ,  1983a).
In addition  to  the above mentioned brain regions, INAS has 
recen tly  been demonstrated in  the photoreceptor c e l l  and granular layers  
of the retina  of pignented ra ts  (Pulido and C liffo rd , 1984) .
N -acetylseroton in  in the C irculation
I t  i s  w ell recognized th at N -acetylserotonin  (NAS) i s  produced in  
the p ineal gland by the action  of N -acetyltransferase (NATase) on 
serotonin  (Weissbach e t  a l 1960). I ts  presence in  the p ineal gland has 
a lso  been estab lish ed  by fluorometry (M iller and Maikel 1970), 
gas-chrcmatograph-mass spectrometry (Cattabeni e t  a l  1972; Kowslow and 
Green 1973) and radio enzymatic assay (Klein and Weller 1972; Brownstein 
e t  a l 1973). I n i t ia l  in te r e s t  in  th is  indole has mainly focussed on i t s  
ro le  as the substrate for the syn th esis of m elatonin, the estab lish ed  
pineal hormone, and in v estig a tio n s in to  the p h ysio log ica l ro le  of NAS 
outside the p ineal gland have been few. This was probably due to lack  
of a simple methodology for i t s  q u an tifica tion  and perhaps a lso  due to  
i t s  being overshadowed by the popularity of MT.
The presence of NAS in the Harderian gland and cerebellum was 
demonstrated by an immunohistochemical technique in  1976 (Bubenik e t  a l 
1976) . However i t  was not u n t i l  1977 when the f i r s t  radioimmunoassay 
for NAS became ava ila b le  (Pang e t  a l 1977). In th is  assay , a 
b i- s p e c if ic  antibody for MT plus NAS and a m onospecific antibody for MT 
were used. NAS le v e ls  in  t is su e s  were estim ated by a subtraction  
method. Using th is  method i t  was demonstrated that NAS has a wide 
d istr ib u tio n  outside the p ineal as i t  was found in  the re tin a , Harderian 
gland brain and serum (Pang e t  a l  1977). Subsequently a diurnal rhythm 
of NAS in  rat serum was a lso  demonstrated with high le v e ls  from mid-dark 
to  the early  period (Pang e t  a l 1980). This find ing lead to the in i t i a l  
suggestions that the p ineal may be a major source of the c ir c u la tin g  NAS, 
and that NAS may be co-secreted  together with MT. This suggestion  a lso  
correlated  with e a r lie r  reports that in  v itr o , NAS i s  read ily  secreted  
in to  incubation media by rat p ineal (Klein e t  a l 1970; Backstrcm and 
Wetterberg 1973) or rat p in ealocytes (Ruse e t  a l 1976).
Recently a more s p e c if ic  radioimmunoassay for NAS was developed 
(Pang e t  a l 1981a). Using th is  improved methodology, a more d eta iled  
study of the regulation  of c ir c u la tin g  NAS by environmental lig h tin g  was 
performed. Rats were subjected to  long (14:10 LD) and short (2:22 LD) 
light:dark  cy c les  for 6 weeks and the rhythms of serum NAS and MT were 
determined. I t  was found that under the short photoperiod the serum 
NAS and MT rhythms can be d isso c ia ted  in the rat such that while the peak 
le v e l of MT remained a t the end of the dark period, the peak le v e l of NAS 
occurred a t the middle of the dark period (Grota e t  a l 1981a). This 
d isso c ia tio n  indicated that e ith er  the p in ea l NATase and HIOMT a c t iv i t ie s  
peak a t d iffe r e n t times under the short photoperiod, or other regulatory  
factor  (s) outside the p ineal may be involved in  the regulation  of serum 
NAS. However, subsequent experiments show that under both long or short
297
photoperiods, serum MT and p in eal NATase always remain in  phase with each 
other (Ho e t  a l 1984). Thus the e a r lie r  reported d isso c ia tio n  of serum 
NAS and serum MT cannot be due to  the d isso c ia tio n  of p ineal NATase and 
serum MT. To further the study of the regulation  of serum NAS rhythm, 
the p o s s ib i l i t y  that the time of feeding can act as a synchronizer for 
the rhythm, as i t  does to  other b io lo g ica l rhythm, was in vestigated  (Ho 
e t  a l 1983). Preliminary data indicted  that under the usual laboratory  
lig h tin g  cond itions (LD 14:10), r e s tr ic t io n  of food a v a ila b i l i ty  to  a 3 
hour period in  the morning or in  the evening, can synchronize the serum 
NAS rhythm such that i t s  peak le v e ls  appear a t the time of food 
presentation . This schedule of feeding has no e f f e c t  on the serum MT 
rhythm, which remained synchronized with the environmental light:dark  
cy c le . Hence these prelim inary find ings suggest that period ic  access to  
food i s  a more potent entrainer than environmental light:dark  cy c le s  for  
the serum NAS rhythm, and strongly  suggests that the p ineal i s  not the 
major source of c ir c u la tin g  NAS. This find ing therefore co rre la tes  w ell 
with the previous work which shows that serum NAS is  not abolished by 
pinealectomy (Yu e t  a l 1981).
The major source(s) of c ircu la tin g  NAS remains to  be elucidated  
at the present tim e. One of the l ik e ly  sources i s  the re tin a . The 
a c t iv i t ie s  of re tin a l NATase (Binkley e t  a l 1979) and le v e ls  of 
N -acetylserotonin  (Pang e t  a l 1981) have been shown to  ex h ib it  a diurnal 
rhythm. Recently i t  has been demonstrated that NAS can a lso  be released  
from the retina of the guinea p ig  in  v itr o  (Yu e t  a l 1982). Other 
p o ssib le  sources of c ir c u la tin g  NAS are the Harderian gland and the brain  
where the presence of NAS has been demonstrated by immunohistochemistry 
(Bubemk e t  a l 1976a, 1976b; Pulido e t  a l 1983a). C ertainly other organs 
which p ossess the enzyme N -acetyltransferase can a lso  be a p o ss ib le  
source of c ir c u la tin g  NAS. These include the l iv e r ,  adrenal gland, 
submaxillary gland, kidney, heart, p itu ita r y , thyroid and spleen (E lliso n  
e t  a l 1972). I t  i s  p o ss ib le  that c ir c u la tin g  NAS can or ig in a te  from 
several sources. I t  i s  in terestin g  to  note that a recent publication  
reports that exogenous MT, when given to  r a ts , can be m etabolised to  NAS 
as determined by GC-MS (Leone and Silman 1984). However in  that study, 
pharmacological doses of MT were used and whether NAS can be a 
s ig n if ic a n t  m etabolite of MT under normal p h ysio log ica l cond itions  
remains to  be determined.
Although d eta iled  stu d ies on the importance of NAS in  the body 
economy have been few, there are enough data accumulated to  suggest that 
i t  may have a s ig n if ic a n t  p h ysio log ica l r o le . Studies by Vaughan e t  a l 
(1972) showed that NAS in h ib ited  compensatory ovarian hypertrophy in  
female mice. Inmunization of male rats against NAS-M-BSA suppressed 
corticosteron e (N iles e t  a l 1977a), p ro lactin  (N iles e t  a l 1977b) and 
t e s t o s t e r o n e  ( N i le s  e t  a l  1 9 7 9 a ) . S le e p  c h a n g e s  in d u ced  by 
6-F-tryptophan were prevented by adm inistration of NAS but not by 
5-OH-tryptophan (Sugden and F letcher 1981). Earlier study has shown 
that NAS treatment in h ib ited  131i uptake in to  the thyroid gland (De 
Prospo e t  a l 1969) and recen tly  in jec tio n  of small doses of NAS was 
demonstrated to  be able to  s ig n if ic a n t ly  depress serum TSH le v e ls  (Tang 
and Pang 1983). The find ings that c ircu la tin g  NAS does not orig in a te  
mainly from the p in eal gland, that i t s  rhythm in  the serum can be 
synchronized with the time of food p resentation , together with the 
demonstrated p h y sio lo g ica l e f f e c t s  of th is  in d o le , strongly  suggests that 
NAS may have an inportant function of i t s  own righ t and hence warrant
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more d eta iled  stu d ie s . Perhaps more fr u it fu l  r e su lts  can he obtained i f  
future stu d ies  can be d isso c ia ted  from the premise that c ircu la tin g  NAS 
is  c lo se ly  related  to  the p in ea l.
Target S ite s  for  NAS
As discussed earlier, the melatonin precursor NAS, and its 
synthesizing enzyme NAT, are present in the rat CNS which suggests that 
this putative neurohormone may be synthesized centrally. In order to 
determine the possible CNS target sites for NAS, we have examined the 
binding characteristics of [~h] NAS in mammalian brain fractions. High 
affinity binding was detected in synaptosomal membranes fron human, calf 
and rat brain.
One c la s s  of binding s i t e s ,  with a d isso c ia tio n  constant (Kd) of 
3-7 nM and a concentration of 250-400 fmol/mg p rotein , was detected  in  
fresh brain membranes from male and female ra ts . A sim ilar high a f f in i ty  
c la s s  of binding s i t e s  together with a second c la s s  of low a f f in i ty  and 
high capacity  s i t e s  were observed in  frozen membranes (N iles e t  a l ,
1982).
3 3A comparison of the regional binding of [j h] NAS and [ H] 5-HT 
indicated that [JH]5-HT binding was about 3-10 fo ld  greater than that of 
pH] NAS. Both radioligands exhibited  h ighest binding in  the striatum  
and fron ta l cortex , however there were d ifferen ces in  the r e la tiv e  
binding le v e ls  observed in  other brain regions. With s t r ia ta l  binding 
regarded as 100%, [3H] NAS binding was 66%, 46% and 37% in  the 
cerebellum , pons-medulla and midbrain resp ec tiv e ly , w hile corresponding 
le v e ls  for [3H] 5-HT were 461, 25% and 25%. Conversely, pH] 5-HT binding 
was higher in  the hypothalamus (85%) and hippocampus (71%) as compared 
with 67% and 41% for [ h] NAS. These find ings ind icate r e la t iv e ly  more 
binding s i t e s  for  [JH] NAS are present in  the cerebellum and brainstem  
(N iles e t  a l ,  1983).
Displacement stu d ie s , carried out in  fresh  c o r tic a l membranes, 
indicated that NAS and 5-HT were the most potent in h ib itors of pH] NAS 
binding (Table 2 ) . The H ill c o e f f ic ie n ts  for NAS and 5-HT were 
approximately equal to u n ity , suggesting a s in g le  c la s s  of binding s i t e s .  
Analogs with a methoxy group in  p lace of the 5-hydroxyl showed a marked 
decrease in  a f f in i t y  and in  the absence of a C-5 su b stitu en t there was no 
binding.
The 5-HT agon ist, quipazine, and various an ti-sero ton in erg ic  
drugs including the 5-HT  ^ an tagon ists, spiperone and ketanserine, 
displayed interm ediate a f f in i t y  for pH] NAS binding s i t e s  (Table 2 ) . 
Taken together, the foregoing suggests that the 5-hydroxyl group i s  
necessary for high a f f in i ty  binding of [3h] NAS which occurs a t both 
5-HT  ^ and 5-HT2 s i t e s  in the rat fro n ta l cortex .
N onetheless, d ifferen ces between the a f f in i t i e s  of various 5-HT 
antagonists .against [3h] 5-HT (Nelson e t  a l ,  1978; Peroutka and Snyder, 
1979) and pH] NAS (N iles e t  a l ,  1983) and in the r e la t iv e  binding of 
these radioligands in  the brainstem and cerebellum, suggest that 




Displacement of s p e c if ic a l ly  bound [^h] NAS 
fron rat c o r t ic a l membranes
Drug IC50(nM) nH
N -acetylserotonin 13.5 + 2.9 1.1  + 0 .1
Serotonin 2.2 + 1.9 1.0  + 0 .1
Quipazine 190 0.49
5-methoxytryptami ne 430 0.82






Fresh synaptic membranes were incubated with 2 .5  nH of 
[JH] NAS at le a s t  f iv e  concentrations of each drug.
N il l  c o e f f ic ie n ts  (nH) are equal to  the slop es of lo g it - lo g  
p lo ts . Means + S.E.M. of 2-5 experiments are presented.
ND = no displacement
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SUMMARY AND CONCLUSION
The p ineal hormone melatonin i s  present in a var ie ty  of 
extrapineal t is su e s  including the re tin a , Harderian gland and 
g a stro in te s tin a l tr a c t . For the retin a , there i s  ex c e lle n t evidence of 
lo c a l syn th esis  w hile for the other t is su e s  evidence i s  le s s  complete.
Following pinealectom y, melatonin v ir tu a lly  disappears from the 
c ircu la tio n  and the m etabolite 6-hydroxymelatonin i s  almost com pletely  
absent frctn urine.
Binding s i t e s  for melatonin have been described: cy toso l binding 
i s  evident in  ovarian and brain t is su e  and membrane binding i s  present in  
brain t is s u e . Circadian varia tion  of melatonin binding in  brain has 
been reported as w ell as a ltera tio n  of adenylate cyclase  a c t iv ity .
Taken together these find ings suggest that m elatonin, l ik e  
seroton in , has a var ie ty  of o r ig in s and a c tio n s . Melatonin produced in  
the p ineal i s  the major source of c ircu la tin g  melatonin and major s i t e s  
of action  may be the brain and ovaries; melatonin in  other t is su e s  
usually  contributes l i t t l e  to  c ircu la tin g  melatonin and instead may have 
lo ca l action s as a modulator.
N -acetylserotonin  i s  a lso  found in a v a r ie ty  of t is su e s  other 
than the p ineal gland. I t  i s  present in the retina  and Harderian gland 
and i t  i s  present in  a v a r ie ty  of brain reg ions, notably including the 
granular layer of cerebellum and a v a r ie ty  of motor and re ticu la r  nuclei 
in  the brain stem.
N -acetylseroton in  i s  present in  the c ircu la tio n  in  concentrations 
20 to  50 times higher than those of m elatonin, i s  regulated d if fe r e n t ly  
fron melatonin under various photoperiodic and feedings conditions and is  
r e la t iv e ly  unaltered fo llow ing pinealectom y. Thus, c ircu la tin g  NAS for  
the most part or ig in a tes  in  t is su e s  other than the p in ea l. Although the 
s i t e  of or ig in  i s  as yet not known, several organs contain  NATase, the 
enzyme required for NAS sy n th esis .
High a f f in i t y  membrane binding of NAS has been shown in various 
brain regions, and there i s  evidence that NAS binds to  serotonergic  
s i t e s .  However, pharmacologic stu d ies suggest that non-serotonergic  
binding s i t e s  for  NAS are a lso  present.
From a consideration  of these find ings i t  may be concluded that 
NAS, l ik e  serotonin  and m elatonin, i s  present in a v a r ie ty  of t is su e s  and 
m y  have several functions. In the p ineal gland and presumably in other 
t is su e s  in which melatonin i s  synthesized , i t  i s  a precursor for  
melatonin; in  other t is su e s  such as brain i t  m y  have functions  
independent of that of melatonin precursor.
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THE PINEAL GLAND OF PRIMATES INCLUDING MAN

The P i n e a l  G l a n d
C u r r e n t  S t ate o f  P i n e a l  R e s e a r c h
B. M e s s , Cs. Rúzsás, L. Tima a n d  P. P é v e t  (eds)
HUMAN P I N E A L  G L A N D :  AN I N T R O D U C T I O N
D. GUPTA
D epartm ent o f  D i a g n o s t i c  E n d o c r in o lo g y  
U n i v e r s i t y  C h i l d r e n ' s  H o s p i t a l ,  D-74 T ü b in g e n ,  FRG
One o f  t h e  m ost d r a m a t ic  a d v a n c e s  i n  n e u r o e n d o c r in o lo g y  o f  t h i s  
d e c a d e  h as  b een  t h e  r e c o g n i t i o n  o f  t h e  im p o r ta n c e  o f  t h e  p i ­
n e a l  g l a n d .  The enormous s t r i d e s  made i n  t h i s  f i e l d  i n  e x p e r i ­
m e n ta l  r e s e a r c h  have  a l s o  s t r o n g  im p a ct  on human s t u d i e s .
W ith in  t h e  span o f  few  y e a r s ,  i t  h a s  become p o t e n t i a l l y  p o s ­
s i b l e  t o  a s s o c i a t e  t h e  p i n e a l  f u n c t i o n s  w i t h  a number o f  c l i ­
n i c a l  s i t u a t i o n s ,  o f  w h ich  human s e x u a l  m a t u r a t io n  and a f ­
f e c t i v e  d i s o r d e r s  h a v e  b e e n  r e l a t i v e l y  t h o r o u g h ly  i n v e s t i g a ­
t e d  .
HISTORICAL:
I n v e s t i g a t i o n  o f  a p o s s i b l e  r e l a t i o n  b e tw een  a c c e l e r a t i o n  o f  
p u b e r t a l  grow th  and t h e  p i n e a l  g la n d  i n  humans began  a l r e a d y  
ab o u t  t h r e e  c e n t u r i e s  a g o .  The f i r s t  r e p o r t e d  o b s e r v a t i o n  w hich  
may be c o n s t r u e d  a s  t h a t  o f  a p i n e a l  tumour was a p p a r e n t l y  
i n  t h e  1 7 th  c e n t u r y  by C h a r le s  D r e l i n c u r t i u s , w h ich  was pub­
l i s h e d  i n  a book i n  1717 i n  G eneva. In  t h e  1 8 th  c e n t u r y  G io ­
v a n n i  B a t t i s t a  M orgagn i,  i n  h i s  w e l l -k n o w n  compendium (1761)  
d e s c r i b e d  s e v e r a l  p a t i e n t s  who had e n l a r g e d  p i n e a l  g l a n d s .  In  
1 8 9 6 ,  R ich a rd  G u t z e i t  i n  K ö n ig sb e r g  (now K a l in in g r a d )  d e s ­
c r i b e d  i n  h i s  D i s s e r t a t i o n  f o r  D o c to r  o f  M e d ic in e  a 7 .7 5  y e a r  
o l d  boy w i t h  u n u s u a l l y  l a r g e  and p r e c o c i o u s l y  m ature e x t e r n a l  
g e n i t a l i a  and a t e r a to m a  o f  t n e  p i n e a i  g la n d .  D u rin g  1898 and  
1899 f o u r  p a p e r s  came o u t  r e l a t i n g  t h e  p i n e a l  g la n d  w i t h  p r e ­
c o c i o u s  p u b e r t y .  Heubner (1898) and O e s t r e i c h  and Slaw yk (1899)  
i n  t h e i r  p a p e r s  u s e d  t h e  word " R iesen w u ch s" .  The o t h e r  two  
c a s e s  were p r e s e n t e d  a t  t h e  m e e t in g  o f  t h e  P a t h o l o g i c a l  S o ­
c i e t y  o f  London by Garrod (1899) and O gle  ( 1 8 9 9 ) .  As e a r l y  
a s  1 9 0 6 ,  Max A skanazy  o f  Geneva d e s c r i b e d  a c h o r io c a r c in o m a  i n  
t h e  p i n e a l  r e g i o n  and a s s o c i a t e d  w i t h  p r e c o c i o u s  p u b e r t y .  He 
t h o u g h t  t h a t  p r e c o c i o u s  p u b e r t y  was due t o  some c h e m ic a l  s u b ­
s t a n c e s  o r i g i n a t i n g  i n  t h e  p i n e a l  tu m o u r s .  D u r in g  1909 and 
1910 a number o f  p a p e r s ,  r e l a t i n g  t h e  advancem ent o f  p u b e r ty  
w it h  t h e  p i n e a l ,  a p p e a r e d  o f  w h ich  t h e  p a p e r s  by L o th a r  von  
F ra n k l-H o c h w a r t  (1909) i n  V ien n a  and B a t t i s t a  P e l l i z z i  (1910)  
o f  P i s a  a r e  c o n s i d e r e d  t o  be m ost  im p o r t a n t .  In  1923 Knud Krab­
be o f  Copenhagen w r o te  a p a p er  i n  E n d o c r in o lo g y  e n t i t l e d ,
"The p i n e a l  g l a n d ,  e s p e c i a l l y  i n  r e l a t i o n  t o  t h e  p ro b lem  on 
i t s  s u p p o se d  s i g n i f i c a n c e  i n  s e x u a l  d e v e lo p m e n t" .
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T a b le  I :  THE PINEAL AND PUBERTY
FINDINGS:
Plasm a M e la to n in
T~. D aytim e MEL d e c l i n e s  w i t h  
p u b e r t y  i n  b o y s
2 .  D aytim e MEL l e v e l  i s  a lm o s t  
c o n s t a n t  d u r in g  p u b e r t y .
No s e x  d i f f e r e n c e .
3 .  E p i s o d i c  r e l e a s e  o f  MEL 
d u r in g  d a y l i g h t  i n  p u b e r t a l  
b o y s .
4 .  No change  i n  t h e  2 4 - h r  
MEL p r o f i l e  d u r in g  p u b e r ty
5 .  D e c l i n e  i n  n i g h t - d a y - d i f f e r e n c e  
i n  MEL l e v e l  d u r in g  p u b e r t y .
6 .  Animal E x p t s .D e c l i n e  i n  
n i g h t - d a y  d i f f e r e n c e  i n  
MEL l e v e l  d u r in g  p u b e r ty
CSF M e la to n in
D e c l i n e  i n  d a y t im e  CSF 
MEL l e v e l s .  8 70 y r s .
U r in a r y  M e la to n in
1. MEL e x c r e t i o n  i n c r e a s e s  
w it h  p u b e r t a l  d e v e lo p m e n t .
2 .  No ch a n g e  w i t h  6-OH-MEL 
e x c r e t i o n  w i t h  p u b e r t a l  o n s e t  
e x c e p t  i n  g i r l s  d u r in g  b r e a s t  
d e v e lo p m e n t  S t a g e  I I .  I t  r i s e s .
AGING
1. P lasm a MEL d e c l i n e s  w i t h  
i n c r e a s i n g  a g e .
2 .  D e c l i n e  i n  n i g h t - l e v e l  o f  p lasm a
MEL w i t h  a g i n g .  1 92 y r s .
3 .  D e c l i n e  i n  n ig h t - d a y - r h y t h m  
i n  p lasm a  MEL w i t h  a g in g  i n  
a d u l t s .
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MODERN RESEARCH TREND IN HUMAN DEVELOPMENT:
In t h e  f i r s t  p r e s e n t a t i o n  o f  t h i s  s e c t i o n ,  t h e  r e l a t i o n s h i p  o f  
human p u b e r t y  w i t h  t h e  p i n e a l  g l a n d ,  d e f i n e d  i n  term s o f  serum  
m e la t o n in  v a l u e ,  has  b e e n  ta k e n  u p . That t h i s  p ap er  was c h o s e n  
t o  be t h e  f i r s t  p r e s e n t a t i o n  i n  t h e  c l i n i c a l  f i e l d  i s  a r e ­
f l e c t i o n  o f  t h e  s i g n i f i c a n c e  o f  s t u d i e s  on p u b e r t y  i n  t h e  
o v e r a l l  d e v e lo p m e n t  o f  p i n e a l  p h y s i o l o g y  and c l i n i c a l  n e u r o e n ­
d o c r i n o l o g y  .
The d a t a  so  f a r  o b t a i n e d  i n  t h e  human s t u d i e s ,  h o w ev er ,  s u g g e s t  




F i g . 1 :  B iorhythm  
o f  serum m e la t o n in  
i n  c h i l d r e n  a t  v a r i ­
o u s  s t a g e s  o f  pub­
e r t a l  d e v e lo p m e n t .
In 1 9 8 2 ,  we r e p o r t e d  a t  t h e  I n t e r n a t i o n a l  C o n g ress  o f  P s y c h o ­
n e u r o e n d o c r i n o l o g y ,  h e l d  i n  T ü b in g e n ,  t h a t  t h e  a m p l i tu d e  o f  
t h e  n e t  n i g h t  in c r e m e n t  d e c l i n e s  w i t h  p u b e r t a l  d e v e lo p m e n t .  In 
t h i s  s t u d y  we had 87 c h i l d r e n ,  from whom we c o l l e c t e d  b lo o d  
t w i c e ,  one a t  day t im e  (12 noon) and t h e  o t h e r  a t  m id n ig h t  
(Gupta e t  a l . 1 9 8 3 ) . T hese  d a t a  c l e a r l y  showed t h a t  t h e r e  was a 
s i g n i f i c a n t  (p <  0 .0 0 1 )  d e c l i n e  i n  n e t  in c r e m e n t  from p u b e r t a l  
s t a g e  PI t o  P I I .  O b v i o u s l y , t h i s  s tu d y  had d r a w b a ck s ,  a s  t a k ­
in g  o n l y  two t im e  p o i n t s  we m ust have m is s e d  t h e  e x a c t  peak  in
MEL
p g /m l
0 6 0 0  1 2 0 0  2 1 0 0  2 4 0 0  0 3 0 0  0 6 0 0
c l o c k  t im e
F i g . 2: B iorh yth m  o f  serum m e l a t o n i n  i n  t w in  s i s t e r s  w i t h  d i f f e ­
r e n t  s t a g e s  o f  p u b e r t a l  d e v e lo p m e n t  ( A t t a n a s i o  e t  a l . 1 9 8 3 ) .
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t h e  b io r h y th m  o f  m e l a t o n i n .  In  s p i t e  o f  t h i s ,  t h e  r e p o r t  s u g g ­
e s t e d  a v e r y  s t r o n g  c a s e  f o r  an in t e r d e p e n d e n t  r e l a t i o n  b e tw een  
t h e  p i n e a l  g la n d  and p u b e r t a l  d e v e lo p m e n t  w h ich  was l a t e r  su p p o ­
r t e d  by a c o u p le  o f  r e p o r t s  p u b l i s h e d  ( L i s s o n i  e t  a l . 1 9 8 3 ?  
W aldhauser  e t  a l .  1 9 8 3 ) .
R e c e n t l y ,  we have e x te n d e d  ou r  i n v e s t i g a t i o n s  f u r t h e r  (A t ta n a -  
s i o  e t  a l . i n  p r e s s )  where c i r c a d i a n  rhythm o f  serum m e la t o n in  
was exam ined  under s t a n d a r d i s e d  p r o t o c o l  in  38 c h i l d r e n  g r o u ­
ped i n  v a r i o u s  p u b e r t a l  d e v e lo p m e n t a l  s t a g e s  ( F i g . 1 ) .  T h is  
shows c l e a r l y  t h a t  t h e  n i g h t  in c r e m e n t  d e c l i n e s  s t e a d i l y  from  
t h e  l e v e l  s e e n  i n  t h e  p r e - s c h o o l  c h i l d r e n  t o  t h a t  i n  t h e  s e x u ­
a l l y  more m ature c h i l d r e n .  However, i n  t h i s  c a s e  t h e  more s u r ­
p r i s i n g  f i n d i n g  was t h a t  t h e  a m p l i tu d e  o f  t h e  n i g h t  peak a l s o  
d e c l i n e s  from t h e  p r e - s c h o o l  c h i l d r e n ' s  l e v e l  t o  p u b e r t a l  s t a ­
ge  I l e v e l .  T h is  s u g g e s t s  t h a t  t h e r e  i s  a r e l a t i o n  b e tw een  th e  
p i n e a l  g la n d  and n o t  p u b e r t a l  d e v e lo p m e n t  a s  su ch  b u t  r a t h e r  
t h e  w h o le  d e v e lo p m e n t a l  p r o c e s s  i n  c h i l d r e n .
One b i t  o f  e v i d e n c e  m ig h t  be drawn from a p a t h o l o g i c a l  e x a m p le .  
F ig u r e  2 i l l u s t r a t e s  t h e  b io r h y th m  o f  m e la t o n in  in _ 2  g i r l s  who 
a re  t w in s  ( A t t a n a s i o  e t  a l .  1 9 8 3 ) .  They a r e  7 .7  y r s  o l d .  One 
s i s t e r  ( N .S . )  s t a r t e d  m e n s t r u a t in g  a t  a ge  6 . 5  y e a r s  and h er  
p u b e r t a l  r a t i n g  was P V. The o t h e r  s i s t e r  (N .N .)  had m i ld  a d r e -  
n a r c h e  and h er  p u b e r t a l  r a t i n g  was P I I .  When t h e  b io r h y th m s  
w ere com pared , t h e  P II  g i r l  showed s u b s t a n t i a l  in c r e m e n t  in  
m e la t o n in  n i g h t  l e v e l ,  w h i l e  t h e  o t h e r  s i s t e r ,  h a v in g  a d van ced  
s e x u a l  m a t u r a t io n ,  had co m p arab le  m e la t o n in  rhythm s e e n  i n  n o r ­
mal P V g i r l s .  T h is  s u g g e s t s  a g a in  t h a t  w i t h  s e x u a l  d e v e l o p ­
ment and m a t u r a t io n ,  e v e n  th o u g h  u n t i m e l y ,  t h e  p i n e a l  g la n d  
i s  o r c h e s t r a t e d  t o g e t h e r .
AFFECTIVE DISORDERS :
One o f  t h e  major a d a p t i v e  m echanism s d e v e lo p e d  d u r in g  t h e  c o u r ­
s e  o f  e v o l u t i o n  i n  r e s p o n s e  t o  e x t e r n a l  e n v ir o n m e n t a l  c h a n g e s  
i s  t h e  te m p o r a l  o r g a n i z a t i o n  o f  b e h a v io u r  and o f  p h y s i o l o g i c a l  
p r o c e s s e s .  In t h e  a b s e n c e  o f  s y n c h r o n i z i n g  i n f l u e n c e ,  t h e  e n ­
d o g en o u s  rhythm i s  d i s o r g a n i z e d  w h ich  d i f f e r s  from t h e  p a t t e r n  
im posed  upon i t  by t h e  Z e i t g e b e r .  P r o f e s s o r  W e t t e r b e r g ' s  p ap er  
i s  a s i g n i f i c a n t  c o n t r i b u t i o n  t o  t h e  u n d e r s t a n d in g  t h e  r o l e  o f  
t h e  p i n e a l  g la n d  i n  t h e  g e n e s i s  o f  d i s t o r t e d  rhythm s i n  m e n ta l  
d i s o r d e r .  The r e s u l t s  from h i s  l a b o r a t o r y  (W e t t e r b e r g ,1 9 7 9 )  
a l r e a d y  s u g g e s t e d  d y s f u n c t i o n  o f  t h e  p i t u i t a r y - a d r e n o c o r t i c a l  
a x i s  and in v o lv e m e n t  o f  t h e  p i n e a l  g la n d  i n  d e p r e s s i o n .  T here  
i s  a l s o  e v i d e n c e  t h a t  i n  b i p o l a r  a f f e c t i v e  d i s o r d e r s ,  t h e  m anic  
p a t i e n t s  had c o n s i d e r a b l y  h ig h  m e la t o n in  l e v e l s  t h r o u g h o u t .  I t  
i s  p o s s i b l e  t h a t  t h e  i n c r e a s e d  a d r e n a r g ic  a c t i v i t y  i n  t h e  manic  
p a t i e n t s  p r o b a b ly  s t i m u l a t e s  t h e  p i n e a l  g la n d  a s  w e l l  a s  th e  
p r e s e n c e  o f  u l t r a d i a n  rhythm s may w e l l  be i n v o l v e d  w i t h  t h e  
a l t e r e d  r e c e p t o r  r e g u l a t i o n  i n  su ch  s u b j e c t s .
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INTRODUCTION
S t u d i e s  o f  t h e  p h y s i o l o g y  o f  t h e  p i n e a l  g l a n d  i n  
d i f f e r e n t  v e r t e b r a t e  s p e c i e s  h a v e  c o n f i r m e d  t h a t  t h i s  s m a l l  
o r g a n  l o c a t e d  i n  t h e  b r a i n  i s  an a c t i v e  n e u r o e n d o c r in e  g la n d  
w h ic h ,  among o t h e r  f u n c t i o n s ,  m o d u la te s  r e p r o d u c t i v e  b i o l o g y .  
In  a n i m a l s  w i t h  a s e a s o n a l  c y c l e  o f  r e p r o d u c t i o n ,  t h e  p i n e a l  
g la n d  i s  r e s p o n s i b l e  f o r  t r a n s d u c i n g  e n v ir o n m e n ta l  i n f o r m a t i o n  
s u c h  a s  c h a n g e s  i n  t h e  d a y l i g h t  p e r i o d  i n t o  n e u r o s e c r e t o r y  
s i g n a l s ,  nam ely  r h y th m ic  s e c r e t i o n  o f  m e l a t o n i n  (Wurtman e t  
a l ,  1 9 6 4 ;  R e i t e r ,  1 9 8 0 ) .  I n  t h e s e  s p e c i e s ,  s u c h  a s  t h e  
h a m ster  o r  t h e  s h e e p ,  a d m i n i s t r a t i o n  o f  m e l a t o n i n  w i l l  rnimick  
r e p r o d u c t i v e  c h a n g e s  c a u s e d  by s h o r t  p h o t o p e r io d s  i n  a n im a ls  
e x p o s e d  t o  lo n g  p h o t o p e r i o d s  (Tamarkin e t  a l ,  1 9 7 6 ;  A r e n d t  e t  
a l ,  1 9 8 3 ) ;  i n  d i f f e r e n t  c o n d i t i o n s ,  m e la t o n in  can  a l s o  a c t  a s  
a p ro g o n a d a l  a g e n t  and p rovok e  r e c r u d e s c e n c e  o f  t e s t e s  g r o w t h  
i n  a n im a ls  e x p o s e d  t o  s h o r t  p h o t o p e r io d s  (Hoffmann, 1 9 7 9 ) .  At 
t h e  p r e s e n t  t i m e ,  t h e  o n ly  p r o d u c t  o f  t h e  p i n e a l  g l a n d  w h ic h  
a p p e a r s  t o  h a v e  a n e u r o e n d o c r i n e  f u n c t i o n  i s  m e l a t o n i n ,  
a l t h o u g h  a r o l e  h a s  b e e n  s u g g e s t e d  f o r  o t h e r  i n d o l e a m i n e  
d e r i v a t i v e s  s u c h  a s  5 - m e t h o x y t r y p t a m i n e  i n  s p e c i f i c  an im al  
s p e c i e s  ( P é v e t ,  1 9 8 3 ) .
MELATONIN AMD SEXUAL DEVELOPMENT OF THE RAT
I t  h a s  b e e n  d i f f i c u l t  t o  a s s e s s  t h e  r o l e  o f  t h e  p i n e a l ,  
and o f  m e l a t o n i n ,  i n  s p e c i e s  w hich  w ere r e l a t i v e l y  i n s e n s i t i v e  
t o  s e a s o n a l  v a r i a t i o n s  in  t h e  p h o t o p e r i o d .  The l a b o r a t o r y  r a t  
i s  su c h  a s p e c i e s .  O nly r e c e n t l y  w ere c o m p le te  s t u d i e s  on t h e  
e f f e c t  o f  m e l a t o n i n  i n  t h e  r a t  p er fo rm ed :  t h e s e  p e r m i t t e d  t o  
sh ed  l i g h t  on a p o s s i b l e  r o l e  o f  m e la t o n in  d u r in g  t h e  p u b e r t a l  
d e v e lo p m e n t  o f  t h e  r a t .
1 ,  The m ale r a t
The im m a tu r e  p e r i o d  o f  t h e  m ale r a t  (20 t o  40 d ays  a f t e r  
b i r t h )  i s  c h a r a c t e r i z e d  by  m a r k e d ly  i n c r e a s e d  FSH s e c r e t i o n  
and e n h a n c e d  p i t u i t a r y  GnRH r e c e p t o r  number ( A u b e r t  e t  a l , 
1 9 8 2 ) .  In o r d e r  t o  u n d e r s t a n d  t h e  r o l e  o f  m e l a t o n i n  i n  t h e  
m a le  r a t ,  m e l a t o n i n  was a d m i n i s t e r e d  d u r in g  d i f f e r e n t  p e r i o d s  
o f  s e x u a l  d e v e lo p m e n t .  The e f f e c t s  o f  t h e s e  i n j e c t i o n s  w e r e
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t e s t e d  o n  v a r i o u s  p a r a m e t e r s  o f  t h e  n e u r o e n d o ­
c r i n e - r e p r o d u c t i v e  a x i s .  The r e s u l t s  (L a n g  e t  a l ,  1 9 8 3 )  
s h o w e d  t h a t  m e l a t o n i n  h a d  l i t t l e  e f f e c t  w h en  t r e a t m e n t  
o c c u r r e d  d u r i n g  t h e  e a r l y  p r e p u b e r t a l  p e r i o d  ( 5 - 2 0  d a y s  o f  
a g e )  o r  i n  a d u l t  a n i m a l s  ( 7 0 - 9 0  d a y s  o l d )  , b u t  i t  had a 
p r o n o u n c e d  i n h i b i t o r y  i n f l u e n c e  when i n j e c t e d  d u r i n g  t h e  
p e r i o d  o f  s e x u a l  d e v e lo p m e n t  from 20 t o  40 d ays  o f  age  ( f i g .  1 
and f i g .  2 ) .  T h is  i n h i b i t i n g  e f f e c t  o f  m e l a t o n i n  on s e x u a l  
m a t u r a t io n  i n  t h e  male r a t  was found t o  be d o s e - d e p e n d e n t  in  a 
d o se  ra n g e  from 5 t o  100 g m e la to n in  g i v e n  d a i l y  i n  t h e  l a t e  
a f t e r n o o n .  I f  one c o n s i d e r s  th e  w e ig h t s  o f  t e s t e s  and se m in a l  





Fig. 1 I n f l u e n c e  o f  d a i l y  i n j e c t i o n s  o f  m e l a t o n i n  on p l a s m a  F S H  a n d  t e s ­
t o s t e r o n e  l e v e l s  a n d  seminal v e sicle we i g h t s  o f  m a l e  rat s  d u r i n g  di f f e r e n t  
sta g e s  o f  development. G r o u p s  o f  a b o u t  12 a n i m a l s  (a ) r e c e i v e d  d a i l y  i n ­
j e c t i o n s  (at 1700) o f  100 \lg m e l a t o n i n  d u r i n g  three d i f f e r e n t  periods:
5-20 da y s  (prepubertal age), 20-40 day s  (pubertal age), 70-90 day s  (age of 
a d u l t h o o d ) . C o ntrol a n i m a l s  (O) r e c e i v e d  100  p i  p h y s i o l o g i c a l  NaCl solution 
c o n t a i n i n g  10% ethanol. The rats wer e  k i l l e d  on the day a f t e r  the last 
in j e c t i o n  b e t w e e n  1000 a n d  1100 h. P l a s m a  h o r m o n e  l e v e l s  a n d  seminal v e s i ­
c l e  w e i g h t s  a r e  shown as the mea n  ± SE: ***, p  <  0.001, **, P  <  0.01, *,
P  <  0 .0 5  ( d e t e rmined by  t  test). F r o m  L a n g  et al, 1983, with permission.
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Fig. 2 I n f l u e n c e  o f  d a i l y  i n j e c t i o n s  o f  m e l a t o n i n  on p i t u i t a r y  G n R H  
r e c e p t o r s  number, p l a s m a  L H  concent r a t i o n ,  a n d  testis weig h t  o f  ma l e  
r a t s  d u r i n g  d i f f e r e n t  stag e s  o f  development. G r o u p  o f  a bout 12 rats were 
t r e a t e d  as  d e s c r i b e d  in Fig. 1. S i g n i f i c a n c e  is e x p l a i n e d  in Fig. 1.
F r o m  L a n g  et al, 1983, wit h  p e r m i ssion.
a r e  t h e  m o s t  a d e q u a te  p a r a m e te r s  t o  f o l l o w  s e x u a l  m a t u r a t io n ,  
5 g o f  m e la t o n in  g i v e n  d a i l y  s t a r t i n g  a t  20 days was found t o  
s i g n i f i c a n t l y  d e c r e a s e  t h e s e  p a r a m e te r s  a s  s e e n  a t  45 days  o f  
a g e  (Lang e t  a l ,  1 9 8 3 ) ;  10 g d a i l y  w as more a c t i v e  a n d  a
maximum e f f e c t  w as o b t a i n e d  w i t h  100 g d a i l y ,  a s  shown i n  
f i g u r e s  1 and 2.
T h e se  s t u d i e s  r a i s e d  s e v e r a l  q u e s t i o n s  w hich  w ere f u r t h e r  
an sw ered  i n  our  l a b o r a t o r y .
1 .  I s  t h e  t i m e  o f  i n j e c t i o n  o f  m e l a t o n i n  d u r i n g  t h e  
l i g h t - d a r k  c y c l e  o f  im p o rta n ce?
2 .  D o es  s e x u a l  m a t u r a t i o n  r e c o v e r  a f t e r  c e s s a t i o n  o f  
m e la t o n in  a d m i n i s t r a t i o n ?
3 .  D o e s  p r o l o n g e d  m e la t o n in  a d m i n i s t r a t i o n  m a in t a in  th e  








Fig. 3 E f f e c t s  o f  d aily m e l a t o n i n  i n j e c t i o n s  f r o m  20 to 40 day s  o f  age 
g iven at d i f f e r e n t  time d u r i n g  the d a y - n i g h t  c y c l e  on the m e a n  we i g h t s  of  
tes t e s  a n d  seminal v e s i c l e s  a n d  on p l a s m a  t e s t o s t e r o n e  c o n c e n t r a t i o n  in 
the m a l e  rat. C o n t r o l  a n i m a l s  r e c e i v e d  100  y l  o f  s a l i n e  c o n t a i n i n g  10% 
e t hanol at 9 h a f t e r  the o n s e t  o f  light. All data are e x p r e s s e d  in p e r ­
c e n t a g e  of  the mea n  of  control values, r e p r e s e n t e d  by  the l i n e  on the top 
of  the g r a p h  (± SEM: h a t c h e d  area). The d o t t e d  lin e  r e p r e s e n t s  a s u g g e s t e d  
e v o l u t i o n  of  the i n h i b i t o r y  act i o n  o f  melatonin. S i x  s e r i e s  o f  rat s  each 
c o n t a i n i n g  a control group, a n d  d i f f e r e n t  gro u p s  t r e a t e d  at d i f f e r e n t  times 
d u r i n g  the day or  n i g h t  (10-12 animal s / g r o u p )  we r e  s t u d i e d  at dif f e r e n t  
times o f  the yea r  a n d  the mea n  values (± SEM) a r e  r e p r e s e n t e d  as f o l l o w s  :
•  = May, * = June,  A = August,  ■ = December,  o  = F e b r u a r y , o  = April.
C l o s e d  s y m b o l s  ( * , *,*,m ) r e p r e s e n t  s e r i e s  with a l ight p e r i o d  f r o m  0700 
to 1900 h, open s y m b o l s  (°,D ) r e p r e s e n t  ser i e s  with a l i g h t  p e r i o d  fro m  
1200 to 240 0  h (O) a n d  f r o m  2400 to 1200 (a ) . All rats were m a i n t a i n e d  at 
a 12:12h l i g h t - d a r k  schedule, as i n d i c a t e d  at the b o t t o m  o f  the graph.
F r o m  L a n g  et al, 1984a, wi t h  permission.
In  a n s w e r  t o  t h e  f i r s t  q u e s t i o n ,  i t  w as shown t h a t  t h e  
t im e  o f  a d m i n i s t r a t i o n  o f  m e la t o n in  w i t h i n  t h e  d a y - n i g h t  c y c l e  
i s  c r i t i c a l  f o r  m e l a t o n i n  a c t i o n .  Immature male W is ta r  r a t s  
w it h  a LD 1 2 :1 2  l i g h t - d a r k  c y c l e  r e c e i v e d  d a i l y  m e la to n in
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i n j e c t i o n s  o f  100 g s . c .  from 20 t o  40 d a y s  o f  a g e .  M e la to n in  
g i v e n  d u r i n g  t h e  l a t e  p h o t o p h a s e  ( 9 h a f t e r  t h e  o n s e t  o f  
l i g h t )  , o r  d u r i n g  t h e  l a t e  s c o t o p h a s e  (9h a f t e r  t h e  o n s e t  o f  
d a r k n e s s )  i n h i b i t e d  g r o w t h  o f  t e s t e s  and s e m i n a l  v e s i c l e s ,  
l o w e r e d  p l a s m a  l e v e l s  o f  t e s t o s t e r o n e ,  LH a n d  FSH, and  
d e c r e a s e d  t h e  number o f  p i t u i t a r y  GnRH r e c e p t o r s :  a s  a l r e a d y  
s t a t e d ,  t h e s e  o b s e r v a t i o n s  r e f l e c t  d e la y e d  s e x u a l  m a tu r a t io n  
a t  40 d ays  in  t h e  m ale r a t  (Lang e t  a l ,  1 9 8 4 a ) .  In  c o n t r a s t ,  
n on e  o f  t h e s e  e f f e c t s  was o b s e r v e d  when m e la t o n in  was i n j e c t e d  
d u r in g  t h e  e a r l y  p h o to p h a se  o r  s c o t o p h a s e  (5h a f t e r  t h e  o n s e t  
o f  l i g h t  o r  d a r k n e s s ,  r e s p e c t i v e l y ) .  In  a m ore s y s t e m a t i c  
s t u d y  o f  t h e  a c t i o n  o f  m e l a t o n i n  i n  r e l a t i o n  t o  t im e  o f  t h e  
d a y ,  i t  w as fo u n d  t h a t  t h e  i n h i b i t o r y  i n f l u e n c e  o f  m e la t o n in  
i n c r e a s e d  g r a d u a l l y  d u r in g  t h e  l a t e  p h o t o p h a s e  and r e a c h e d  a 
p e a k  j u s t  b e f o r e  t h e  o n s e t  o f  d a r k n e s s .  The e f f e c t  t h e n  
d i s a p p e a r e d  d u r in g  t h e  f i r s t  7h in  t h e  dark p h a s e ;  h o w ev er ,  a s  
a l r e a d y  m e n t i o n e d ,  m e l a t o n i n  i n j e c t e d  9h a f t e r  t h e  o n s e t  o f  
d a r k n e s s  a g a in  had an i n h i b i t o r y  e f f e c t  e q u i v a l e n t  t o  a b o u t  
50% o f  t h a t  o b s e r v e d  i n  t h e  l a t e  p h o t o p h a s e ,  w h e r e a s  
a d m i n i s t r a t i o n  2h l a t e r  rem ained  w i t h o u t  e f f e c t  ( f i g .  3 ) .
To a n s w e r  q u e s t i o n  2 ,  c h r o n i c  m e l a t o n i n  a d m i n i s t r a t i o n  
from day 20 t o  45 o f  l i f e  o n ly  c a u s e d  a t e m p o r a r y  d e l a y ,  and  
n o rm a l s e x u a l  m a tu r a t io n  resum ed a f t e r  c e s s a t i o n  o f  m e la t o n in  
t r e a t m e n t  (L a n g  e t  a l ,  1 9 8 4 b ) . In  a d d i t i o n ,  t o  a n s w e r  
q u e s t i o n  3 ,  an e s c a p e  p h en om en on  w as p r e s e n t  when m e la t o n in  
was a d m in i s t e r e d  from day  20 u n t i l  d a y  100  o f  l i f e .  By day  
8 0 ,  t e s t i c u l a r  and s e m i n a l  v e s i c l e s  w e i g h t s ,  and p lasm a FSH 
and t e s t o s t e r o n e  l e v e l s  s t a r t e d  t o  i n c r e a s e  and r e a c h e d  a d u l t  
l e v e l s  by  d a y  100 o f  a g e ,  i n  s p i t e  o f  p e r s i s t i n g  m e la t o n in  
i n j e c t i o n s  p e r f o r m e d  l a t e  i n  t h e  a f t e r n o o n  (L a n g  e t  a l ,  
1 9 8 4 b ) .  T hus i t  a p p e a r s  t h a t  d a i l y  m e l a t o n i n  t r e a t m e n t  o f  
m a le  r a t s  d e l a y s  r a t h e r  t h a n  p e r m a n e n t l y  i n h i b i t s  s e x u a l  
m a t u r a t i o n .
2 . The f e m a le  r a t
In  t h e  im m a tu re  f e m a l e  r a t ,  d a i l y  m e l a t o n i n  t r e a t m e n t  
s t a r t i n g  a t  d a y  15 o f  a g e  w as a l s o  sh o w n  t o  d e l a y  s e x u a l  
m a t u r a t i o n .  In  t h i s  m o d e l ,  100 g / d a y  o f  m e la t o n in  d e la y e d  
v a g i n a l  o p e n i n g  and d i s r u p t e d  t h e  n o rm a l c y c l i c i t y  o f  t h e  
f i r s t  o e s t r o u s  c y c l e s :  t h e  c y c l e s  w e r e  i r r e g u l a r  and l e s s  
f r e q u e n t  ( R i v e s t  e t  a l ,  1 9 8 4 a ) .  No v a r i a t i o n s  o f  o v a r i a n  n or  
u t e r i n e  w e i g h t s  w e r e  o b s e r v e d  a f t e r  o p e n in g  o f  t h e  v a g in a  i n  
m e l a t o n i n - t r e a t e d  r a t s .  F u r th e r m o r e ,  a l t h o u g h  p la s m a  l e v e l s  
o f  LH, FSH and e s t r a d i o l  w e r e  s i m i l a r  t o  t h o s e  o f  c o n t r o l  
a n im a ls  f o r  sa m p le s  ta k e n  d u r in g  t h e  d i e s t r o u s  p h a s e s ,  t h e r e  
w a s  an  e n h a n c e d  p r o e s t r o u s  s u r g e  o f  t h e s e  h o r m o n e s  u n d e r  
m e la t o n in  t r e a t m e n t .  In  t h e  p i t u i t a r y ,  FSH c o n c e n t r a t i o n s  
w e r e  h i g h e r  d u r in g  d i e s t r u s  and lo w e r  d u r in g  p r o e s t r u s .  T h is  
hormonal p a t t e r n  s u g g e s t  a b u i l d - u p  phenomenon d u e  t o  t h e  low  
f r e q u e n c y  o f  p r o e s t r o u s  s u r g e s  i n  m e l a t o n i n - t r e a t e d  r a t s .  
H e n c e ,  t h e  d e l a y e d  v a g i n a l  o p e n i n g  a n d  t h e  i n f r e q u e n t  
p r o e s t r o u s  s u r g e s  c o u l d  b e  o n e  c o n s e q u e n c e  o f  a s i n g l e  
p h e n o m e n o n ,  n a m e ly  t h e  l a c k  o f  t r i g g e r i n g  s i g n a l  f o r  t h e  
i n c r e a s e  i n  e s t r a d i o l  w i t h  i t s  s u b s e q u e n t  p o s i t i v e  fe e d b a c k  on 
LH and FSH. T h is  i r r e g u l a r i t y  c o u ld  be due t o  a d i r e c t  a c t i o n  
o f  m e l a t o n i n  on t h e  p u l s a t i l e  o r  b a s a l  r e l e a s e  o f  GnRH, s i n c e
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p i t u i t a r y  r e c e p t o r  n u m b e r  o f  GnRH w e r e  d e c r e a s e d  a f t e r  
m e l a t o n i n  t r e a t m e n t .  The g r e a t e s t  s e n s i t i v i t y  t o  t h e  d e l a y i n g  
a c t i o n  o f  m e l a t o n i n  o c c u r r e d  when m e l a t o n i n  was  g i v e n  l l h  
a f t e r  t h e  o n s e t  o f  l i g h t .  T h i s  was  t r u e  f o r  tw o l i g h t i n g  
r e g i m e n s  t e s t e d ,  LD 1 2 : 1 2  and LD 1 6 : 0 8 ,  s u g g e s t i n g  t h a t  t h i s  
w i n d o w  o f  s e n s i t i v i t y  t o  m e l a t o n i n  i s  s y n c h r o n i z e d  by  t h e  
o n s e t  o f  l i g h t  ( R i v e s t  e t  a l ,  1 9 8 4 a ,  1 9 8 4 b )  . F u r t h e r m o r e ,  
m e l a t o n i n  a c t e d  i n  t h e  f e m a l e  o n l y  when i t  was g i v e n  p r i o r  t o  
v a g i n a l  o p e n i n g :  i f  t r e a t m e n t  was  s t a r t e d  on  t h e  d a y  o f  
v a g i n a l  o p e n i n g ,  i t  d i d  n o t  p rov ok e  i r r e g u l a r  e s t r o u s  c y c l e s  
( R i v e s t  e t  a l , 1 9 8 4 c ) .
T h u s ,  d a i l y  a d m i n i s t r a t i o n  o f  m e l a t o n i n  t o  m a l e  and  
f e m a l e  r a t s  d e l a y s  s e x u a l  m a t u r a t i o n .  The s i t e  o f  a c t i o n  o f  
m e l a t o n i n  s e e m s  t o  b e  a t  t h e  h y p o t h a l a m i c  l e v e l ,  p r o b a b l y  on 
t h e  s e c r e t i o n  o f  GnRH s i n c e  t h e  number  o f  GnRH- r e c e p t o r s  i n  
t h e  p i t u i t a r y  i s  l o w e r  a f t e r  i n j e c t i o n s  o f  m e l a t o n i n  i n  b o t h  
s e x e s .  I t  has  be e n  sho wn t h a t  t h e  number  o f  p i t u i t a r y  GnRH 
r e c e p t o r s  i s  d i r e c t l y  r e l a t e d  t o  p r i o r  s t i m u l a t i o n  by GnRH. 
The p e r i o d  o f  s e n s i t i v i t y  t o  a d m i n i s t r a t i o n  o f  m e l a t o n i n  i s  
d e p e n d e n t  on t h e  t i m e  q f  t h e  d a y  w i t h  m a x im a l  s e n s i t i v i t y  
p r e s e n t  10 t o  12 h a f t e r  t h e  o n s e t  o f  l i g h t ;  t h e  t i m e  o f  
a p p e a r a n c e  o f  t h i s  window o f  s e n s i t i v i t y  i s  i n d e p e n d e n t  o f  t h e  
l i g h t i n g  r e g i m e n  t e s t e d .  F u r t h e r m o r e ,  m e l a t o n i n  a c t s  o n l y  
d u r i n g  p u b e r t a l  d e v e l o p m e n t  i n  a r e v e r s i b l e  m a n n e r ,  and  
t r e a t m e n t  p er form ed  i n  a d u l t  a n i m a l s  h a s  no v i s i b l e  e f f e c t s  
n e i t h e r  i n  t h e  male  nor  i n  t h e  f e m a l e .
SPECIFICITY OF MELATONIN
The a b i l i t y  o f  7 d i f f e r e n t  i n d o l e a m i n e s  o r  i n d o l e a m i n e  
d e r i v a t i v e s  t o  d e l a y  s e x u a l  m a t u r a t i o n  o f  m a l e  r a t s  w a s  
s t u d i e d .  Of t h e  7 compounds t e s t e d ,  o n l y  5 - m e t h o x y t r y p t a m i n e  
and 6 - h y d r o x y m e l a t o n i n  i n  a d d i t i o n  t o  m e l a t o n i n  w e r e  f o u n d  t o  
i n h i b i t  t h e  n e u r o e n d o c r i n e - r e p r o d u c t i v e  a x i s .  The p o t e n c i e s  
o f  t h e s e  tw o co m p o u n d s  when i n j e c t e d  i n  t h e  a f t e r n o o n  w e r e  
a b o u t  1 / 1 0  t h a t  o f  m e l a t o n i n .  T h i n  l a y e r  c h r o m a t o g r a p h i c  
a n a l y s i s  o f  p la sm a e x t r a c t s  from r a t s  i n j e c t e d  f r o m  20 t o  &0 
d a y s  o f  a g e  w i t h  5 - m e t h o x y t r y p t a m i n e  and s a c r i f i c e d  s h o r t l y  
a f t e r  t h e  l a s t  i n j e c t i o n  s h o w e d  t h a t  p a r t  o f  t h e  i n j e c t e d  
5 - m . e t h o x y t r y p t a m i n e  had be e n  a c e t y l a t e d  t o  m e l a t o n i n  (Lang e t  
a l ,  1 9 8 4 c ) . T h e r e f o r e ,  i t  c a n n o t  b e  e x c l u d e d  t h a t  t h e  
i n h i b i t o r y  a c t i o n  o f  5 - m e t h o x y t r y p t a m i n e  on s e x u a l  m a t u r a t i o n  
m ig ht  be du e  e n t i r e l y  t o  i t s  e n z y m a t i c  t r a n s f o r m a t i o n  i n t o  
m e l a t o n i n .  S e r o t o n i n ,  N - a c e t y l s e r o t o n i n , 5 - m e t h o x y t r y p t o p h o l  
and 5 - h y d r o x y t r y p t o p h o l  had no s i g n i f i c a n t  e f f e c t  on s e x u a l  
m a t u r a t i o n .  T h e s e  r e s u l t s  s u g g e s t  t h a t  m e l a t o n i n  i s  t h e  
p r i n c i p a l  p i n e a l  i n d o l e a m i n e  w h i c h  i s  r e s p o n s i b l e  f o r  t h e  
t i m i n g  o f  s e x u a l  m a t u r a t i o n  i n  t h e  r a t .
PINEAL GLAND AND HUMAN PUBERTY
I n  t h e  human a s  w e l l  a s  i n  t h e  a n i m a l ,  m e l a t o n i n  i s  
s e c r e t e d  i n  a c y c l i c  f a s h i o n .  M e l a t o n i n  i s  h i g h  d u r i n g  t h e  
n i g h t  i n  p l a s m a ,  c e r e b r o s p i n a l  f l u i d ,  and i n  u r i n e  (Arendt  e t  
a l , 1977 ;  Lang e t  a l ,  1 9 8 1 a ) .
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T u m o r s  o f  t h e  p i n e a l  r e g i o n  h a v e  b e e n  o b s e r v e d  i n  
a s s o c i a t i o n  w i t h  p r e c o c i o u s  p u b e r ty  ( K i t a y ,  1 9 5 4 )  , b u t  i t  i s  
d i f f i c u l t  t o  a s s e s s  a r o l e  t o  t h e  p i n e a l  s i n c e  t h e  m a j o r i t y  o f  
t h e  tum ors a r e  n o t  p in e a lo c y t o m a s  b u t  d ysg erm in o m a s  s e c r e t i n g  
hCG.
M ost o f  t h e  d a t a  p u b l i s h e d  on serum m e la t o n in  l e v e l s  in  
p r e p u b e r t a l  and p u b e r t a l  s u b j e c t s  c o n s i s t  o f  o b s e r v a t i o n s  made 
on  p l a s m a  s a m p l e s  c o l l e c t e d  d u r i n g  d a y t i m e  ( S i l m a n  e t  a l ,  
1979; Tamarkin e t  a l ,  1982; E h ren k ra n z  e t  a l ,  1 9 8 2 ;  L enko  e t  
a l ,  1 9 8 2 ) .  W ith  o n e  e x c e p t i o n  ( S i l m a n  e t  a l ,  1 9 7 9 ) ,  t h e s e  
s t u d i e s  found no d i f f e r e n c e  b e tw e e n  m e l a t o n i n  c o n c e n t r a t i o n s  
i n  p r e p u b e r t a l  c h i l d r e n  a n d  a d u l t s .  S t u d i e s  w h ic h  a l s o  









Fig. 4 U r i n a r y  e x c r e t i o n  o f  m e l a t o n i n  p e r  24 h o a r s  in 43 c h i l d r e n  o f  
b o t h  s e x e s  f r o m  5 to 17 years. Nor m a l  as well as o b e s e  children, o r  c h i l d ­
ren with d e l a y e d  puberty, short s t a t u r e  o r  i n s u l i n - d e p e n d e n t  d i a b e t e s  were 
studied. N o  v a r i a t i o n  o f  m e l a t o n i n  exc r e t i o n  was f o u n d  b e t w e e n  the d i f f e ­
rent s t a g e s  of  p u b e r t y  (PI = N o  sign o r  puberty, P5 = a d u l t h o o d ) .
With per m i s s i o n ,  f r o m  L a n g  et al, 1984d, W i l l i a m s  a n d  Wilkins. The C o ntrol  
o f  Onset o f  P u b e r t y  II  (Stresa C o n f e r e n c e  1981). M.M. Grumbach, P.C. S i z o -  
n e n k o  a n d  M.L. A u b e r t  (eds). In press.
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W a ld h a u s e r  e t  a l  (1984) fou n d  a d i f f e r e n c e  on m id n ig h t  l e v e l s  
o f  m e la t o n in  b e tw een  p r e p u b e r t a l  c h i l d r e n  l e s s  t h a n  7 y e a r s  
o l d  and p r e p u b e r t a l  and p u b e r t a l  s u b j e c t s  o v e r  7 y e a r s  o f  a g e .  
In two s t u d i e s  (Ehrenkranz e t  a l ,  1982; Tamarkin e t  a l  , 1 9 8 2 )  
n i g h t t i m e  m e l a t o n i n  l e v e l s  o f  p r e p u b e r t a l  c h i l d r e n  w e r e  
compared w i t h  t h o s e  o f  a d u l t s .  C o n c e n t r a t i o n s  t e n d e d  t o  be  
h i g h e r  b e f o r e  p u b e r t y ,  b u t  t h e  d i f f e r e n c e s  n o t e d  w e r e  n o t  
s t a t i s t i c a l l y  s i g n i f i c a n t .  However, two g ro u p s  (G u p ta  e t  a l  , 
19 83 ; A t t a n a s i o  e t  a l ,  1 9 8 3 ) d i d  f i n d  a d e c r e a s e  i n  t h e  
d i f f e r e n c e  b e t w e e n  n i g h t t i m e  a n d  d a y t i m e  s e r u m  l e v e l  o f  
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Fig.  5 N i g h t  u r i n a r y  (20h-08h) e x c r e t i o n  o f  m e l a t o n i n  in the same 
c h i l d r e n  as in fig. 4. F o r  s y m b o l s  see l e g e n d  fig. 4. F r o m  L a n g  et al, 
1984d, W i l l i a m s  a n d  Wilkins. The O n s e t  o f  P u b e r t y  II (Stresa C o n f e r e n c e  
1981). M.M. Grumbach, P.C. S i z o n e n k o  a n d  M.L. A u b e r t  ( e d s ) . In  press.
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M e a s u r e s  o f  m e l a t o n i n  i n  t h e  u r i n e  c a n  p r o v i d e  an  
i n t e g r a t e d  p i c t u r e  o f  t h e  t o t a l  amount o f  m e la t o n in  p r o d u c e d .  
U rin a ry  e x c r e t i o n  o f  m e l a t o n i n  i n  43 c h i l d r e n  a t  d i f f e r e n t  
s t a g e s  o f  p u b e r t y  was m easured e i t h e r  d u r in g  th e  n i g h t  p e r io d  
(8 p .m . t o  8 a .m .)  or  d u r i n g  a 24 h o u r  p e r i o d  ( S i z o n e n k o  e t  
a l , 1 9 8 2 ) .  A lth o u g h  a g r e a t  v a r i a t i o n  i n  u r in a r y  e x c r e t i o n  was 
o b s e r v e d  ( 6 . 4  t o  161 n g / 2 4 h / m 2 ) , no d i f f e r e n c e  b e t w e e n  t h e  
s e x e s  and t h e  s t a g e s  o f  p u b e r t y  w as o b s e r v e d  f o r  m e la t o n in  
e x c r e t e d  d u r i n g  24h ( f i g .  4) n o r  f o r  m e l a t o n i n  e x c r e t e d  
s p e c i f i c a l l y  d u r in g  t h e  n i g h t  ( f i g . 5 ) .
Steep stages
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Fig.  6 Pla s m a  c o n c e n t r a t i o n  o f  p rolactin, L H  a n d  m e l a t o n i n  d u r i n g  
s leep in 3 p r e p u b e r t a l  b o y s  (Stage Pl). E E G  r e c o r d i n g  was m a d e  s i m u l t a ­
neously. A: awake. R E M  : r a p i d - e y e  movements. R e p r o d u c e d  with p e r m i s s i o n  
f r o m  L a n g  et al, 1984d. The C o ntrol o f  O nset o f  P u b e r t y  II (Stresa C o n ­
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Fig.  7 P l a s m a  c o n c e n t r a t i o n  o f  p r o l a c t i n ,  L H  a n d  m e l a t o n i n  d u r i n g  
s l e e p  in 3 m i d - p u b e r t a l  bo y s  (Stage P3). F o r  symbols, see l e g e n d  fig. 6. 
R e p r o d u c e d  wi t h  p e r m i s s i o n  f r o m  L a n g  et al, 1984d. W i l l i a m s  a n d  Wilkins. 
The C o ntrol o f  the O nset o f  P u b e r t y  II  (Stresa C o n f e r e n c e  1982).
M.M. Grumbach, P.C. S i z o n e n k o  a n d  M.L. A u b e r t  ( e d s ) . In press.
In a subsequent study, the nocturnal pattern of melatonin 
was compared between pre-puberty and post-puberty. Nine 
healthyboys were studied throughout the night: 3 were 
pre-pubertal (stage PI), 3 taken at mid-puberty (stage P3) and 
3 at the end of pubertal period (stage P5). Blood samples 
were obtained every 30 minutes for determinations of 
melatonin, LH and prolactin concentrations. Sleep EEG was 
also monitored. Results showed that the secretory pattern of 
melatonin during the night is not different for the three 
stages of puberty studied. In contrast, nocturnal plasma
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Fig. 8 Plas m a  c o n c e n t r a t i o n  o f  p r o l a c t i n ,  L H  a n d  m e l a t o n i n  d u r i n g  
sleep in 3 b o g s  n e a r  a d u l t h o o d  (Stage P5). F o r  symbols, see l e g e n d  of  
fig. 6. R e p r o d u c e d  wit h  p e r m i s s i o n  f r o m  L a n g  et a l , 1984d. W i l l i a m s  and 
Wilkins. The C o ntrol o f  the O n s e t  o f  Pu b e r t y  II  (Stresa C o n f e r e n c e  1981). 
M.M. Grumbach, P.C. S i z o n e n k o  a n d  M.L. A u b e r t  (eds). In press.
concentrations of LH increased steadily during these stages of 
sexual development (fig. 6 to 8). One group, on the other 
hand, has reported increasing excretion of melatonin in the 
urine during puberty (Penny, 1982).
It is difficult from the work presented and cited to 
attribute a role to the pineal gland during human pubertal 
development. Measurements of urinary melatonin metabolites 
such as conjugated 6-hydpoxymelatmnin did not show a 
correlation between daily exaretion rates and age or pubertal 
stages, except for an increase mbserved at the time of onset 
of breast developement (Tanner stage II), No difderelce was 
seen during puberty in boys. The significance of this 
difference in Tanner II/girls is not known (Tetsuo et al, 
1982). Results obtained in studies on different pathologies 
offered no definite conclusion. In boys with delayed puberty, 
Cohen et al (1982) measured higher daytime melatonin levels
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t h a n  i n  a c o n t r o l  p o p u l a t i o n .  The p u b e r t a l  m e la t o n in  p a t t e r n  
o f  t h e s e  s u b j e c t s  f e l l  a f t e r  m i d - p u b e r t y .  T a m a rk in  e t  a l  
( 1 9 8 2 )  d i d  n o t  f i n d  a b n o r m a l c h a n g e s  o f  p lasm a m e la t o n in  in  
o b e s e  p a t i e n t s  and s u b j e c t s  w i t h  P r a d e r - W i l l i ' s  s y n d r o m e .  In  
c o n t r a s t ,  E hrenkranz e t  a l  (1982) r e p o r t e d  normal d a i l y  rhythm  
o f  p lasm a m e la t o n in  in  p r e c o c i o u s  p u b e r t y .
T h e s e  s e e m i n g l y  d i s c o r d a n t  f i n d i n g s  do n o t  c o m p l e t e l y  
r u l e  o u t  an  a c t i o n  o f  m e l a t o n i n  d u r i n g  human p u b e r t a l  
d e v e lo p m e n t .  I t  i s  n o t  e x c lu d e d  t h a t  m e la t o n in  in d u c e s  s u b t l e  
r a t h e r  t h a n  g r o s s  c h a n g e s  i n  g o n a d o t r o p i n  s e c r e t i o n  w h i c h  
c a n n o t  be d e f i n e d  b e c a u s e  o f  poor means o f  i n v e s t i g a t i o n s  ( f o r  
ex a m p le ,  a ch an ge  i n  t h e  p u l s a t i l e  p a t t e r n ) .  In  a d d i t i o n ,  a s  
i s  show n i n  a n i m a l s ,  m e l a t o n i n  i s  a c t i v e  o n l y  a t  a c e r t a i n  
t im e  d u r in g  t h e  day o r  t h e  n i g h t .  I f  t h i s  i s  a l s o  t r u e  f o r  
t h e  hum an, i t  r e n d e r s  m a n y s tu d ie s  p a r t i c u l a r l y  d i f f i c u l t .  I t  
i s  a l s o  p o s s i b l e  t h a t  a rh y th m ic  and l i f e - l o n g  m o d u l a t i o n  o f  
m e l a t o n i n  r e c e p t o r s  or  t a r g e t  t i s s u e  r e c e p t i v i t y  t o  m e la t o n in  
a c t i o n  t a k e s  p l a c e .  M e la to n in  r e c e p t o r s  have  b e e n  i d e n t i f i e d  
( C a r d i n a l i  e t  a l  , 1979; Cohen e t  a l ,  1978; Lang e t  a l ,  1981b)  
and t h e  s e n s i t i v i t y  o f  s u c h  r e c e p t o r s  may c h a n g e  d u r i n g  
p u b e r t a l  d e v e l o p m e n t .  T h u s ,  serum l e v e l s  o f  m e la t o n in  m igh t  
n o t  p r o v id e  a s  much in f o r m a t io n  a s  m e a s u r e m e n t s  o f  m e l a t o n i n  
r e c e p t o r s  on t a r g e t  t i s s u e s .
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I N T R O D U C T I O N
T h i s  r e v i e w  w i l l  m a i n l y  c o v e r  r e c e n t  s t u d i e s  a b o u t  m e l a t o n i n  a s  a  d i a g n o s t i c  
t o o l  in p s y c h i a t r y  a n d  e n d o c r i n o l o g y .  F o r  b a c k g r o u n d  i n f o r m a t i o n  a b o u t  t h e  
p i n e a l  g l a n d  in  g e n e r a l  t h e  r e a d e r  m a y  c o n s u l t  b o o k s  e d i t e d  by  O k s c h e  a n d  
P é v e t  ( 1 9 8 1 ) ,  R e i t e r  ( 1 9 8 2 ) ,  R e l k i n  ( 1 9 8 3 )  a n d  A x e l r o d ,  F r a s c h i n i  a n d  V e lo  
(1 9 8 3 ) .  T w o  b r o a d  r e v i e w s  w i t h  m o r e  t h a n  h u n d r e d  r e f e r e n c e s  a b o u t  t h e  p i n e a l  
g l a n d  h o r m o n e  m e l a t o n i n  in  h u m a n s  w e r e  r e c e n t l y  p u b l i s h e d  by  V a u g h a n  ( 1 9 8 4 )  
a n d  W a l d h a u s e r  e t  a l .  ( 1 9 8 4 a ) .  T h e  e v a l u a t i o n  o f  t h e  r e s e a r c h  i n c l u d e d  s t u d i e s  
o f  m e l a t o n i n  in  b i o l o g i c a l  m a t e r i a l ,  f a c t o r s  a s s o c i a t e d  w i t h  v a r i a t i o n  in 
m e l a t o n i n  s e c r e t i o n  a n d  a d m i n i s t r a t i o n  o f  m e l a t o n i n .
T h e  p r e s e n t  r e v i e w  g i v e s  f u r t h e r  s u p p o r t  t o  a  p o s s i b l e  r e l a t i o n s h i p  b e t w e e n  t h e  
p i n e a l - h y p o t h a l a m i c - p i t u i t a r y - a d r e n a l  n e t w o r k  a n d  o t h e r  s t r u c t u r e s  i n t e r a c t ­
in g  w i t h  t h i s  n e t w o r k .  T h e r e  is  r e a s o n  t o  b e l i e v e  t h a t  t h e  i n t e r a c t i o n  f o u n d  in  
a n i m a l  a s  w e l l  a s  in  in v i t r o  e x p e r i m e n t s  b e t w e e n  t h e  p i n e a l  g l a n d  a n d  t h e  
h y p o t h a l a m i c - p i t u i t a r y - a d r e n a l  a x i s  m a y  a l s o  t o  s o m e  e x t e n t  b e  p r e s e n t  in 
m a n .
G e n e t i c  r e g u l a t i o n  o f  m e l a t o n i n
I t  is  w e l l  e s t a b l i s h e d  t h a t  t h e  p r o d u c t i o n  o f  m e l a t o n i n  v a r i e s  b e t w e e n  
i n d i v i d u a l s  b u t  t h e  r e a s o n s  f o r  t h i s  v a r i a t i o n  is  n o t  k n o w n .  In  o n e  s t u d y  
( W e t t e r b e r g  e t  a l .  1 9 8 3 )  t w e n t y - t h r e e  c o m p l e t e  n u c l e a r  f a m i l i e s  c o m p r i s i n g  
1 0 7  i n d i v i d u a l s  f r e e  o f  m e d i c a t i o n  w e r e  e x a m i n e d  f o r  t h e i r  u r i n a r y  e x c r e t i o n  
o f  m e l a t o n i n  d u r i n g  t h e  n i g h t .  T h e  g e n e t i c  a n a l y s i s  d id  n o t  s h o w  a n y  e v i d e n c e  
in  f a v o u r  o f  a  b i -  o r  t r i m o d a l  d i s t r i b u t i o n  o f  t h e  m e l a t o n i n  v a l u e s .  E v i d e n c e  
w a s  o b t a i n e d  f o r  a  m a j o r  l o c u s  i n f l u e n c i n g  t h e  p r i m a r y  m e l a t o n i n  
c o n c e n t r a t i o n s .  T h e  s t u d y  h a s  s h o w n  t h a t  m e l a t o n i n  e x c r e t i o n  in  t h e  u r i n e  is 
l i k e l y  t o  b e  u n d e r  g e n e t i c  c o n t r o l .
S e r u m  m e l a t o n i n  in  r e l a t i o n  t o  l i g h t  i n f l u x ,  s e a s o n ,  h e i g h t ,  s e x ,  a n d  a g e
In a d d i t i o n  t o  t h e  p o s s ib l e  g e n e t i c  t r a i t s  c o n t r o l l i n g  t h e  b a s a l  l e v e l s  o f  s e r u m  
a n d  u r i n e  m e l a t o n i n ,  s e v e r a l  e n v i r o n m e n t a l  f a c t o r s  m o d u l a t e  t h e  l e v e l s .  
M e l a t o n i n  s e c r e t i o n  in  m a n  d i s p l a y s  a  c i r c a d i a n  r h y t h m  w i t h  t h e  l o w e s t
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c o n c e n t r a t i o n s  d u r i n q  t h e  d a v  a n d  t h e  p e a k  l e v e l s  d u r i n q  t h e  n i q h t  a t  a b o u t  
02  h  ( A r e n d t  e t  a l .  1 9 7 7 ) .  B r i q h t  l i q h t  a t  n i q h t  h a s  b e e n  s h o w n  t o  s u p p r e s s  t h e  
s e r u m  l e v e l s  o f  m e l a t o n i n  ( L e w y  e t  a l .  1 9 8 0 ) .  T h e  u s e  o f  e y e - q l a s s e s  h a s  a l s o  
b e e n  r e p o r t e d  t o  b e  a s s o c i a t e d  w i t h  l o w e r  l e v e l s  o f  m e l a t o n i n  ( E r ik s o n  e t  
a l . 1 9 8 3 ) .
A s e a s o n a l  v a r i a t i o n  h a s  b e e n  r e p o r t e d  in  m o r n i n q  s e r u m  m e l a t o n i n  
o c c u r r e n c e ,  w i t h  l o w e r  l e v e l s  d u r i n q  t h e  s p r i n q - s u m m e r  p e r i o d  c o m p a r e d  t o  
t h e  w i n t e r  s a m p l e s  ( B e c k - F r i i s  e t  a l .  1 9 8 4 ) .
A r e n d t  e t  a l .  (1 9 8 2 )  r e p o r t e d  a  s i q n i f i c a n t  p o s i t i v e  c o r r e l a t i o n  b e t w e e n  
m e l a t o n i n  a n d  b o d y  w e i q h t  a n d  a  s i q n i f i c a n t  n e q a t i v e  c o r r e l a t i o n  b e t w e e n  
m e l a t o n i n  a n d  o b e s i t y  i n d e x .  In  a  s a m p l e  o f  8 7  i n d i v i d u a l s  t h e  m a x i m u m  
n o c t u r n a l  s e r u m  m e l a t o n i n  l e v e l  w a s  f o u n d  t o  c o r r e l a t e  n e q a t i v e l y  t o  b o d y  
h e i q h t  ( B e c k - F r i i s  e t  a l .  1 9 8 4 a ) .  In  t h e  s a m e  s a m p l e  t h e r e  w a s  n o  d i f f e r e n c e  in 
m e l a t o n i n  l e v e l s  b e t w e e n  3 9  f e m a l e s  c o m p a r e d  t o  4 8  m a l e s .  A s i q n i f i c a n t  a q e -  
d e p e n d e n t  r e d u c t i o n  in  s e r u m  m e l a t o n i n  c o n c e n t r a t i o n  in  h u m a n  s u b j e c t s  h a s  
b e e n  r e p o r t e r d  b y  T o u i t o u  e t  a l .  ( 1 9 8 1 ,  1 9 8 4 ) ,  I q u c h i  e t  a l . ( 1 9 8 2 a )  a s  w e l l  a s  
B e c k - F r i i s  e t  a l .  ( 1 9 8 4 a ) .  T h e  v a r i a t i o n s  o f  u r i n a r y  m e l a t o n i n  e x c r e t i o n  in 
h u m a n s  d u r i n q  t h e  f i r s t  3 0  y e a r s  o f  l i f e  w a s  s t u d i e d  bv  L e m a i t r e  e t  a l .  (1 9 8 1 ) .  
T h e y  f o u n d  h iq h  u r i n a r y  m e l a t o n i n  in n e w b o r n s  a n d  a  d e c r e a s e  t h e  f i r s t  y e a r  o f  
l i f e .  M e l a t o n i n  i n c r e a s e d  in  c h i l d r e n  a n d  d e c r e a s e d  in  a d u l t s .
M e l a t o n i n  a n d  p u b e r t y  in  h u m a n s
A n  i n t e r e s t i n g  s e t  o f  r e p o r t s  h a s  t r i g g e r e d  a  d i s c u s s i o n  a b o u t  t h e  p o s s i b l e  
r o l e  o f  m e l a t o n i n  d u r i n g  p u b e r t y .  L e n k o  e t  a l .  ( 1 9 8 2 )  r e p o r t e d  a  l a c k  o f  
v a r i a t i o n  o f  d a y t i m e  p l a s m a  m e l a t o n i n  in  p u b e r t y .
S i z o n e n k o  e t  a l .  ( 1 9 8 2 )  c o n c l u d e d  t h a t  t h e  s t u d i e s  o n  n i g h t  a n d  d a y  p l a s m a  
c o n c e n t r a t i o n s  a n d  u r i n a r y  e x c r e t i o n s  o f  m e l a t o n i n  d id  n o t  a t t r i b u t e  a  r o l e  t o  
m e l a t o n i n  d u r i n q  h u m a n  p u b e r t a l  d e v e l o p m e n t .  A t t a n a s i o  e t  a l .  (1 9 8 3 ) ,  
h o w e v e r ,  r e p o r t e d  t h a t  t h e  d a y - n i q h t  i n c r e m e n t  in  m e l a t o n i n  l e v e l s  w a s  
r e l a t e d  t o  t h e  m a t u r a t i o n a l  s t a q e .  T h e  s u b j e c t s  w i t h  p r e c o c i o u s  p u b e r t y  h a d  
s m a l l e r  i n c r e m e n t s  t h a n  t h e  a q e d  m a t c h e d  c o n t r o l s .
W a l d h a u s e r  e t  a l .  ( 1 9 8 4 )  r e p o r t e d  d a t a  i n t e r p r e t e d  a s  e v i d e n c e  f o r  a  r e l a t i o n ­
s h i p  b e t w e e n  a  d e c r e a s e  in  s e r u m  m e l a t o n i n  l e v e l s  a n d  t h e  d e v e l o p m e n t  o f  
p u b e r t y .  T h i s  p a p e r  in  t h e  L a n c e t  l e d  t o  a  r e v i e w  a r t i c l e  in  S c i e n c e  u n d e r  t h e  
t i t l e  " P u b e r t y  m y s t e r y  s o l v e d "  (2 0  J a n . ,  p .  2 7 2 ) .  A c o m m e n t  t o  t h i s  a r t i c l e  bv 
K l e i n  (1 9 8 4 )  s t a t e s  t h a t  n e i t h e r  m e l a t o n i n  n o r  p i n e a l e c t o m v  h a s  b e e n  
e x p e r i m e n t a l l y  s h o w n  t o  e i t h e r  t r i q q e r  o r  b l o c k  p u b e r t y  a n d  t h a t  t h e  p o s s i b l e  
i m p o r t a n c e  o f  t h e  p i n e a l  q l a n d  c o n t r o l l i n q  p u b e r t y  is  n o t  c l e a r l y  e s t a b l i s h e d .  
O b v i o u s l y  m o r e  w o r k  r e m a i n s  t o  b e  d o n e  b e f o r e  t h e  p o s s i b l e  r o l e  o f  m e l a t o n i n  
in  p u b e r t y  in  h u m a n s  is  c l a r i f i e d .
P e n n y  a n d  G o e b e l s m a n n  (1 9 8 4 )  f o u n d  t h a t  e s t r a d i o l  v a l e r a t e  q i v e n  t o  a  n o r m a l  
a d u l t  m a l e  s i q n i f i c a n t l y  d e c r e a s e d  m e a n  p l a s m a  m e l a t o n i n  l e v e l s .  T h e  a u t h o r s  
c o n c l u d e  t h a t  t h e  d e c r e a s e  in  m e l a t o n i n  l e v e l s  p o s t  e s t r a d i o l  is  t h e  r e v e r s e  o f  
t h e  r e s p o n s e  e x p e c t e d  b a s e d  o n  a n i m a l  e x p e r i m e n t a l  d a t a .  T h u s  t h e  f u n c t i o n a l  
r o l e  o f  t h e  p i n e a l  q l a n d  in  a n i m a l  a n d  in m a n  m a y  w e l l  d i f f e r  a n d  t h e  r e s u l t s  
f r o m  a n i m a l  s t u d i e s  m u s t  b e  i n t e r p r e t e d  c a u t i o u s l y .
M e l a t o n i n  s e c r e t i o n  in  p a t i e n t s  w i t h  p i t u i t a r y  d i s e a s e
A n  a l t e r a t i o n  o f  t h e  s e r u m  m e l a t o n i n  p a t t e r n  h a s  b e e n  r e p o r t e d  t o  o c c u r  in 
C u s h i n q ' s  s y n d r o m e  ( W e r n e r  e t  a l .  1 9 8 1 ;  F é v r e - M o n t a n q e  e t  a l .  1 9 8 3 ) .
In  a n o t h e r  s t u d y  o n  t h e  p o s s i b l e  r e l a t i o n  b e t w e e n  c o r t i s o l  a n d  m e l a t o n i n  t h e  
m e t v r a D o n e  t e s t  w a s  u s e d  b v  B r i s m a r  e t  a l .  (1 9 8 2 ) .  T h e  m e l a t o n i n  s e c r e t i o n  
i n c r e a s e d  s i q n i f i c a n t l y  in  e i q h t  o u t  o f  t e n  p a t i e n t s  d u r i n q  a n d  in  o n e  a f t e r  t h e  
m e t v r a o o n e  a d m i n i s t r a t i o n .  T h e  r e s u l t s  w e r e  i n t e r p r e t e d  a s  a  p o s s i b l e  
r e l a t i o n s h i p  b e t w e e n  m e l a t o n i n  a n d  A C T H - c o r t i s o l  s e c r e t i o n ,  p o s s ib l y  t h r o u q h  
a  s u p r a p i t u i t a r v  i n t e r a c t i o n .
T o  f u r t h e r  e l u c i d a t e  t h e  r e l a t i o n  b e t w e e n  m e l a t o n i n  a n d  t h e  p i t u i t a r y - a d r e n a l  
a c t i v i t y  B r i s m a r  e t  a l .  ( 1 9 8 4 )  s t u d i e d  t h e  c i r c a d i a n  r h v t h m i c i t y  o f  s e r u m  
m e l a t o n i n .  A C T H  a n d  c o r t i s o l  a n d  t h e  u r i n a r y  e x c r e t i o n  o f  m e l a t o n i n ,  c o r t i s o l  
a n d  P o r t e r - S i l b e r  c h r o m o q e n s  b e f o r e ,  d u r i n q  a n d  a f t e r  t h e  a d m i n i s t r a t i o n  o f  
7 5 0  m q  m e t y r a o o n e  e v e r y  f o u r  h o u r s  d u r i n q  2 4  h o u r s  in  t w o  h e a l t h y  v o l u n t e e r s  
a n d  in t w o  p a t i e n t s  w i t h  a s y m p t o m a t i c  h y p e r p a r a t h y r o i d i s m  a n d  a  p r o l a c t i n  
s e c r e t i n o  a d e n o m a .  A l s o  in  t h i s  s t u d y  t h e  e x c r e t i o n  o f  m e l a t o n i n  i n c r e a s e d  
d u r i n q  t h e  a d m i n i s t r a t i o n  o f  m e t y r a o o n e .  T h e  e x c r e t o r y  m a x i m u m  o f  
m e l a t o n i n  p r e c e e d e d  t h e  m a x i m a l  A C T H - a d r e n a l  r e s p o n s e .  S e r u m  m e l a t o n i n  
r e m a i n e d  u n c h a n q e d  d u r i n q  t h e  a d m i n i s t r a t i o n  o f  m e t v r a o o n e . T h e  n i q h t  a f t e r  
t h e  m e t y r a o o n e  t e s t  s e r u m  m e l a t o n i n  w a s  d e p r e s s e d  in  t h e  p a t i e n t s  w i t h  t h e  
m o s t  p r o n o u n c e d  A C T H - c o r t i s o l  r e s p o n s e  f o l l o w i n q  t h e  t e s t .  T h e  f i n d i n q  
i n d i c a t e s  t h a t  m e l a t o n i n  is  s u p p r e s s e d  w h e n  A C T H - c o r t i s o l  e x c r e t i o n s  is 
i n c r e a s e d .
In  t h e  s a m e  s t u d y  o f  B r i s m a r  e t  a l .  ( 1 9 8 4 )  i t  w a s  s h o w n  t h a t  s e r u m  m e l a t o n i n  
i n c r e a s e d  b y  t h e  m e t v r a o o n e  i n d u c e d  c o r s t i s o l  i n h i b i t i o n  w h i l e  h iq h  c o r t i s o l  
l e v e l s  w e r e  a c c o m p a n i e d  b v  r e d u c e d  s e r u m  m e l a t o n i n  l e v e l s .  H y o e r c o r t i s o l i s m  
b y  i t s e l f  m i q h t  m o d i f y  t h e  m e l a t o n i n  l e v e l s .
T h e  m e t y r a o o n e  t e s t  m a y  a l s o  i n f l u e n c e  t h e  l i v e r  a n d  k i d n e y  c l e a r a n c e .  I t  m a y  
t h u s  b e  o f  i n t e r e s t  t o  f u r t h e r  s t u d y  t h e  e f f e c t  o f  d i s t u r b a n c e  in m e t a b o l i c  
c l e a r a n c e  . in  p a r t i c u l a r  s i n c e  I q u c h i  e t  a l .  ( 1 9 8 2 b )  r e p o r t e d  e l e v a t e d  s e r u m  
m e l a t o n i n  l e v e l s  in  d a y t i m e  in  p a t i e n t s  w i t h  l i v e r  c i r r h o s i s .  T h e  a u t h o r s  
i n t e r p r e t  t h e i r  f i n d i n q s  a s  p o s s i b l y  d u e  t o  d e c r e a s e d  c l e a r a n c e  r a t e ,  l o w e r e d  
a c t i v i t y  o f  6 g - h y d r o x y l a s e ,  a n d  c o m p e t i t i o n  w i t h  b i l i r u b i n  in  t h e  i n t r a h e p a t i c  
t r a n s p o r t  s y s t e m .
M e l a t o n i n  in  p r i m a r y  h y p e r p a r a t h y r o i d i s m
A s  w i l l  b e  r e p o r t e d  b e l o w  m e l a t o n i n  m a y  b e  a  m a r k e r  f o r  a  s u b t y p e  o f  
a f f e c t i v e  d i s o r d e r s .  A f f e c t i v e  s y m p t o m s  o f t e n  a c c o m p a n y  p r i m a r y  h y p e r p a r a ­
t h y r o i d i s m .  I t  w a s  t h u s  o f  i n t e r e s t  t o  s t u d y  t h e  r o l e  o f  t h e  p i n e a l  q l a n d  in  t h e  
r e q u l a t i o n  o f  t h e  p a r a t h y r o i d  h o r m o n e  ( P T H )  s e c r e t i o n .  B r i s m a r  e t  a l .  ( 1 9 8 4 b )  
e x a m i n e d  t h e  c i r c a d i a n  s e c r e t i o n  o f  m e l a t o n i n  in  p r i m a r y  h y p e r p a r a t h y r o i d i s m  
b e f o r e  a n d  a f t e r  o p e r a t i o n .  A f t e r  t h e  r e m o v a l  o f  a  p a r a t h y r o i d  a d e n o m a  a l l  
p a t i e n t s  b e c a m e  n o r m o c a l c e m i c  a n d  s e r u m  m e l a t o n i n  l e v e l s  d i m i n i s h e d  
s i q n i f i c a n t l y  w h i l e  t h e  c i r c a d i a n  p a t t e r n  d id  n o t  c h a n q e .  T h e  o r e o o e r t i v e  
m e l a t o n i n  l e v e l s  w e r e  h iq h  a n d  n o r m a l i z e d  a f t e r  t h e  r e m o v a l  o f  t h e  P T H -  
p r o d u c i n q  a d e n o m a s .
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T h e  r e a s o n  f o r  t h e  h i g h e r  m e l a t o n i n  l e v e l s  p r e o p e r a t i v e l y  m a y  b e  r e l a t e d  t o  
t h e  h i g h e r  c i r c u l a t i n g  c a l c i u m  c o n c e n t r a t i o n s  a f f e c t i n g  t h e  s y n t h e s e s  o f  
m e l a t o n i n  in t h e  p i n e a l  g l a n d  in  a c c o r d a n c e  w i t h  in  v i t r o  s t u d i e s .
In t h e  s a m e  p a t i e n t s  t h e  s e r u m  c o r t i s o l  l e v e l s  d e c r e a s e d  w h e n  t h e  m e l a t o n i n  
s e c r e t i o n  d i m i n i s h e d  w h i c h  i n d i c a t e s  t h a t  t h e  m e l a t o n i n - c o r t i s o l  i n t e r a c t i o n  is  
m o r e  c o m p l e x  t h a n  a  r e g u l a t o r y  m e c h a n i s m  b y  a  s i n g l e  f e e d b a c k  lo o p .
M e l a t o n i n  s e c r e t i o n  in  r e l a t i o n  t o  c o r t i s o l  a n d  A C T H  in  p s y c h i a t r i c  p a t i e n t s  -  
lo w  m e l a t o n i n  in  d e p r e s s i o n
T h e  i n t e r a c t i o n  b e t w e e n  t h e  p i n e a l  g l a n d  a n d  t h e  p i t u i t a r y  a n d  a d r e n a l  g l a n d s  
s e e m s  t o  b e  o f  a  c o m p l e x  n a t u r e .  In  a  n e u r o e n d o c r i n e  i n v e s t i g a t i o n  o f  p a t i e n t s  
w i t h  m a j o r  d e p r e s s i v e  d i s o r d e r  B e c k - F r i i s  e t  a l .  ( 1 9 8 4 b )  e v a l u a t e d  t h e  
p a t h o l o g y  o f  t h e  h y p o t h a l a m i c - p i t u i t a r y - a d r e n a l  a x i s  a n d  t h e  f u n c t i o n  o f  t h e  
p i n e a l  g l a n d  a s  r e v e a l e d  by  t h e  s e r u m  m e l a t o n i n  l e v e l s .  In  a l l  87  i n d i v i d u a l s  
w e r e  e x a m i n e d .  T h e  2 4 - h o u r  p r o f i l e s  o f  m e l a t o n i n  a n d  c o r t i s o l  in s e r u m ,  
m o r n i n g  l e v e l s  o f  A C T H  in p l a s m a  a n d  t h e  d e x a m e t h a s o n e  s u p p r e s s i o n  t e s t  
w e r e  i n v e s t i g a t e d  in p a t i e n t s  w i t h  a c u t e  d e p r e s s i o n  a s  w e l l  a s  in  p a t i e n t s  w i t h  
m a j o r  d e p r e s s i v e  d i s o r d e r  s t u d i e d  in r e m i s s i o n .
In t h i s  s t u d y  t h e r e  a r e  s e v e r a l  f i n d i n g s  g i v in g  f u r t h e r  i n d i c a t i o n s  o f  a  
f u n c t i o n a l  r e l a t i o n s h i p  b e t w e e n  t h e  p i n e a l  g l a n d  a n d  t h e  h y p o t h a l a m i c -  
p i t u i t a r y - a d r e n a l  a x i s .  T h e r e  w a s  a  s i g n i f i c a n t  d e c r e a s e  o f  t h e  m a x i m u m  
n o c t u r n a l  m e l a t o n i n  l e v e l  in t h e  a c u t e l y  il l  d e p r e s s e d  p a t i e n t s  w i t h  a b n o r m a l  
d e x a m e t h a s o n e  s u p p r e s s i o n  t e s t  c o m p a r e d  t o  t h o s e  w i t h  n o r m a l  t e s t  a s  w e l l  a s  
t o  c o n t r o l  s u b j e c t s .  T h e  m a x i m u m  n o c t u r n a l  m e l a t o n i n  l e v e l s  w e r e  u n a l t e r e d  
w h e n  t h e  s a m e  p a t i e n t s  w e r e  r e i n v e s t i g a t e d  in  a  s t a t e  o f  c l i n i c a l  r e m i s s i o n .
A s i g n i f i c a n t  d e c r e a s e  o f  m e l a t o n i n  a f t e r  d e x a m e t h a s o n e  w a s  s e e n  a t  08  h in 
t h e  u n i p o l a r - b i p o l a r  p a t i e n t s  in r e m i s s i o n  a s  w e l l  a s  in  t h e  h e a l t h y  s u b j e c t s ,  
b u t  n o t  in  t h e  a c u t e l y  i ll  d e p r e s s e d  p a t i e n t s  in r e l a p s e .  M e l a t o n i n  is  p o s t u l a t e d  
t o  b e  a n  i n h i b i t i n g  f a c t o r  f o r  t h e  h y p o t h a l a m i c  c o r t i c o t r o p h i n  r e l e a s i n g  f a c t o r  
d u r i n g  d e p r e s s i o n .
T h e  lo w  n o c t u r n a l  m e l a t o n i n  l e v e l  w a s  p r o p o s e d  t o  b e  a  t r a i t  m a r k e r  f o r  m a j o r  
d e p r e s s i v e  d i s o r d e r  a n d  d e p r e s s i v e  s t a t e s  w i t h  a b n o r m a l i t i e s  in t h e  
h y p o t h a l a m i c - p i t u i t a r y - a d r e n a l  a x i s .  T h i s  a b n o r m a l i t y  h a s  b e e n  p r o p o s e d  t o  b e  
d u e  t o  a  h y p e r s e c r e t i o n  o f  t h e  c o r t i c o t r o p h i n  r e l e a s i n g  f a c t o r  w i t h  a  
s u b s e g u e n t  s t i m u l u s - i n d u c e d  p i t u i t a r y  d e s e n s i t i z a t i o n .
I n t e r e s t i n g l y ,  a  t e n d e n c y  t o  a  p h a s e  a d v a n c e  o f  t h e  m e l a t o n i n  p e a k  w a s  s e e n  in 
t h e  a c u t e l y  il l  d e p r e s s e d  p a t i e n t s  w i t h  a b n o r m a l  d e x a m e t h a s o n e  s u p p r e s s i o n  
t e s t  p o i n t i n g  t o  a  p o s s i b l e  i n v o l v e m e n t  o f  t h e  s u p r a c h i a s m a t i c  n u c l e i  in t h e  
h y p o t h a l a m u s .
S e v e r a l  a u t h o r s  h a v e  r e p o r t e d  m e l a t o n i n  l e v e l s  t o  b e  l o w e r  in  s o m e  t y p e s  o f  
d e p r e s s i v e  d i s o r d e r s  ( W e t t e r b e r g  e t  a l .  1 9 7 9 ;  M e n d l e w i c z  e t  a l .  1 9 7 9 ;  W i r z -  
J u s t i c e  a n d  A r e n d t  1 9 7 9 ;  B e c k - F r i i s  e t  a l .  1 9 8 4 ) .  W e t t e r b e r g  e t  a l .  ( 1 9 8 4 )  
p r o p o s e d  lo w  n o c t u r n a l  m e l a t o n i n  l e v e l s  t o  b e  a  " t r a i t  d e p e n d e n t "  m a r k e r  f o r  a  
s u b t y p e  o f  m a j o r  d e p r e s s i v e  d i s o r d e r .  T h e  s p e c i f i c i t y  o f  l o w  m e l a t o n i n  a s  a  
m a r k e r  f o r  a f f e c t i v e  d i s o r d e r s  v e r s u s  o t h e r  p s y c h i a t r i c  c o n d i t i o n s  is  h o w e v e r  
u n k n o w n .
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F e r r i e r  e t  a l .  ( 1 9 8 2 )  h a v e  r e p o r t e d  lo w  l e v e l s  o f  m e l a t o n i n  a l s o  in  
s c h i z o p h r e n i c  p a t i e n t s ,  a l t h o u q h  t h e  f i n d i n g s  m i g h t  b e  d u e  t o  a  p o s s i b l e  
i n c l u s i o n  o f  p a t i e n t s  w i t h  a f f e c t i v e  s y m p t o m s  ( W e t t e r b e r g  e t  a l .  1 9 8 2 ) .
In  a  s t u d y  o f  B e c k - F r i i s  e t  a l .  ( 1 9 8 4 c )  a  r e l a t i o n s h i p  b e t w e e n  n o c t u r n a l  
m e l a t o n i n  l e v e l s  a n d  c l i n i c a l  v a r i a b l e s  w a s  t e s t e d .  T h e  s t u d y  i n c l u d e d  a  c o n t r o l  
g r o u p  o f  33  h e a l t h y  s u b j e c t s .  A  p o t e n t i a l l y  i n t e r e s t i n g  f i n d in g  w a s  t h a t  
d e p r e s s e d  p a t i e n t s  w i t h  p a r e n t a l  l o s s  b e f o r e  17  y e a r s  o f  a g e ,  h a d  s u b n o r m a l  
l e v e l s  o f  m e l a t o n i n  t h u s  d i f f e r i n g  f r o m  p a t i e n t s  w i t h  n o  p a r e n t a l  l o s s .  A 
p o s s i b l e  e x p l a n a t i o n  f o r  t h i s  f i n d i n g  m i g h t  b e  t h a t  t h e  s t r e s s  f a c t o r  " p a r e n t a l  
l o s s "  m i g h t  c a u s e  a n  i n c r e a s e d  s t e r o i d  s e c r e t i o n  w h i c h  a t  a  c e r t a i n  
d e v e l o p m e n t a l  s t a g e  p e r m a n e n t l y  a l t e r s  t h e  r e c e p t o r  s e n s i t i v i t y  in t h e  p i n e a l  
g l a n d ,  r e s p o n s i b l e  f o r  m e l a t o n i n  p r o d u c t i o n .
In a n i m a l  e x p e r i m e n t s ,  Y u w i l e r  a n d  B r a m m e r  ( 1 9 8 1 )  f o u n d  t h a t  n e o n a t a l  
h y d r o c o r t i s o n e  t r e a t m e n t  a f f e c t e d  t h e  m a t u r a t i o n  in  t h e  p i n e a l  n o r a d r e n e r g i c  
s y s t e m .  T h i s  e x p e r i m e n t a l  c o n d i t i o n  m a y  r e s e m b l e  e a r l y  s t r e s s  r e a c t i o n  in 
m a n .
A  s i g n i f i c a n t  r e g r e s s i o n  w a s  f o u n d  b e t w e e n  t h e  m a x i m u m  n o c t u r n a l  m e l a t o n i n  
l e v e l s  a n d  t h e  c l i n i c a l  r a t i n g s  a s  w e l l  a s  s o m e  b i o c h e m i c a l  m e a s u r e s .  T h e  
c o n c l u s i o n s  w e r e  t h a t  t h e r e  m i g h t  b e  a  l o w  m e l a t o n i n  s y n d r o m e  in  d e p r e s s i o n  
c h a r a c t e r i z e d  b y  lo w  n o c t u r n a l  m e l a t o n i n ,  a b n o r m a l  d e x a m e t h a s o n e  
s u p p r e s s i o n  t e s t ,  d i s t u r b e d  2 4 - h o u r  r h y t h m  o f  c o r t i s o l  a n d  l e s s  p r o n o u n c e d  
d a i l y  a n d  a n n u a l  c y c l i c  v a r i a t i o n  in  d e p r e s s i v e  s y m p t o m a t o l o g y  ( B e c k - F r i i s  a n d  
W e t t e r b e r g ,  1 9 8 4 ,  B e c k - F r i i s  e t  a l .  1 9 8 4 ) .
T h e  h y p o t h e s i s  o f  a  f u n c t i o n a l  r e l a t i o n s h i p  b e t w e e n  lo w  m e l a t o n i n  a n d  a  
s u b t y p e  o f  d e p r e s s i v e  d i s o r d e r  s h o u l d  b e  t e s t e d  f o r  i t s  v a l i d i t y  in  o t h e r  c l i n i c a l  
t r i a l s .  A l s o ,  t h e  d e m i n i s h e d  r h y t h m i c i t y  f o u n d  in  d e p r e s s e d  p a t i e n t s  w i t h  lo w  
n o c t u r n a l  m e l a t o n i n  m a y  a l s o ,  in p r i n c i p l e ,  b e  p r e s e n t  t o g e t h e r  w i t h  a f f e c t i v e  
s y m p t o m s  in  o t h e r  d i a g n o s t i c  g r o u p s .
M e l a t o n i n  in  s c h i z o p h r e n i c  p a t i e n t s
B e c k m a n n  e t  a l .  ( 1 9 8 4 )  i n v e s t i g a t e d  t h e  m e l a t o n i n  c o n c e n t r a t i o n  in 
c e r e b r o s p i n a l  f l u i d  f r o m  15 m e d i c a t e d  a n d  13 u n m e d i c a t e d  p a r a n o i d  
s c h i z o p h r e n i c  p a t i e n t s  a s  w e l l  a s  16  h e a l t h y  c o n t r o l s .  T h e  c e r e b r o s p i n a l  f l u id ,  
w h e n  s a m p l e d  in t h e  m o r n i n g  a n d  t h e  m e l a t o n i n  l e v e l s  w e r e  l o w ,  a b o u t  0 .0 6  
n m o l / 1  (15  p g / m l )  in  a l l  t h r e e  g r o u p s .  N o  s i g n i f i c a n t  c o r r e l a t i o n s  w e r e  f o u n d  
b e t w e e n  m e l a t o n i n  c o n c e n t r a t i o n s  a n d  v a r i o u s  o t h e r  b i o c h e m i c a l  s u b s t a n c e s  
s u c h  a s  n o r a d r e n a l i n ,  c y c l i c  a d e n o s i n e  3 ' , 5 ' - m o n o p h o s p h a t e ,  p r o l a c t i n  a n d  
c o r t i s o l .  T h e  r e s u l t s  m u s t  b e  i n t e r p r e t e d  w i t h  c a u t i o n  s i n c e  a  c h a n g e  in  t h e  
b i o l o g i c a l  r h y t h m  c a n n o t  b e  d e t e r m i n e d  w i t h  a  s i n g l e  s a m p l e .  A l s o ,  t h e  l o w  
m o r n i n g  v a l u e s  o f  m e l a t o n i n  w i l l  n o t  n e c e s s a r i l y  r e f l e c t  p o s s i b l e  n o c t u r n a l  
a m p l i t u d e  a l t e r a t i o n s .
A s  m e n t i o n e d  a b o v e  F e r r i e r  e t  a l .  (1 9 8 2 )  r e p o r t e d  l o w  l e v e l s  o f  p l a s m a  
m e l a t o n i n  in s c h i z o p h r e n i c  p a t i e n t s .
H a n s s e n  a n d  W e t t e r b e r g  ( 1 9 8 3 )  r e p o r t e d  a b o u t  c h r o n i c  s c h i z o p h r e n i c  p a t i e n t s  
w i t h  n o c t u r n a l  m e l a t o n i n  l e v e l s  a b o v e  t h e  m e a n  o f  c o n t r o l s .  T h e s e  p a t i e n t s  
i m p r o v e d  c l i n i c a l l y  w h e n  t r e a t e d  w i t h  p r o p r a n o l o l .  T h e  a u t h o r s  h y p o t h e s i z e d
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t h a t  t h e r e  m i g h t  b e  a  s u b g r o u p  o f  s c h i z o p h r e n i c  p a t i e n t s  w i t h  a  h i g h e r  t h a n  
n o r m a l  n o r a d r e n e r g i c  r e c e p t o r  a c t i v i t y .  T h i s  a c t i v i t y  m i g h t  b e  r e v e a l e d  b y  t h e  
h i g h  m e l a t o n i n  p r o d u c t i o n .  H i g h  d o s e s  o f  p r o p r a n o l o l  m a r k e d l y  l o w e r e d  t h e  
m e l a t o n i n  l e v e l s .  W h e n  a  p h e n o t h i a z i n e  d r u g  w a s  a d d e d  t o  t h e  p r o p r a n o l o l  
t r e a t m e n t  t h e  h o r m o n a l  l e v e l s  r e m a i n e d  lo w .
C r e m e r - B a r t e l s  e t  a l .  ( 1 9 8 3 )  r e p o r t e d  t h a t  s c h i z o p h r e n i c  p a t i e n t s  m i g h t  h a v e  
l o w e r  l e v e l s  o f  a n  i n h i b i t o r  s u b s t a n c e  o f  h y d r o x y - i n d o l e - O - m e t h y l t r a n s f e r a s e  
(H I O M T ) in  t h e i r  b l o o d  s e r u m .  T h e  i d e n t i f i c a t i o n  o f  t h e  l o w  m o l e c u l a r  w e i g h t  
f r a c t i o n  is  o f  g r e a t  i n t e r e s t  s i n c e  C r e m e r - B a r t e l s  e t  a l .  (1 9 8 3 )  p o s t u l a t e  a  
p o s s i b l e  i m b a l a n c e  o f  i n h i b i t o r s  o f  H IO M T  m i g h t  b e  i n v o l v e d  in  s c h i z o p h r e n i a .
F o r  m a n y  y e a r s  a n  a s s o c i a t i o n  b e t w e e n  p i n e a l  g l a n d  m e t a b o l i s m  a n d  m e n t a l  
d i s o r d e r s ,  p a r t i c u l a r l y  in  s c h i z o p h r e n i a  h a s  b e e n  s u g g e s t e d .  S m i t h  e t  a l .  (1 9 8 1 )  
r e p o r t e d  a  s i g n i f i c a n t  i n c r e a s e  in H IO M T  in t h e  p i n e a l  g l a n d s  f r o m  
s c h i z o p h r e n i c s .  H o w e v e r ,  O w e n  e t  a l .  ( 1 9 8 3 )  f o u n d  n o  d i f f e r e n c e  in t h e  e n z y m e  
a c t i v i t y  in  t h e  p i n e a l  f r o m  s c h i z o p h r e n i c  p a t i e n t s  c o m p a r e d  t o  c o n t r o l s .
T h e r e  is  a l s o  a  h y p o t h e t i c a l  l in k  b e t w e e n  s c h i z o p h r e n i a  a n d  t h e  o p i o id  p e p t i d e  
s y s t e m ,  in p a r t i c u l a r  d e s - t y r - g a m m a - e n d o r p h i n ,  w h i c h  h a s  b e e n  r e p o r t e d  t o  
h a v e  a n  a n t i p s y c h o t i c  e f f e c t  in s o m e  s c h i z o p h r e n i c  p a t i e n t s  ( V e r h o e v e n  e t  a l .  
1 9 8 4 ) .
I t  is  t h u s  i n t e r e s t i n g  t h a t  C l a u s t r a t  e t  a l .  (1 9 8 1 )  f o u n d  a  r i s e  in  u r i n a r y  
m e l a t o n i n  a f t e r  s t i m u l a t i o n  by  d e s - t y r - g a m m a - e n d o r p h i n .  O n  t h e  o t h e r  h a n d  
b e t a - e n d o r p h i n  l e v e l s  d e c r e a s e d  s i g n i f i c a n t l y  a f t e r  i . m .  i n j e c t i o n s  o f  m e l a t o n i n  
t o  8 h e a l t h y  s u b j e c t s  ( L i s s o n i  e t  a l .  1 9 8 4 ) .  T h e  r e s u l t s  i n d i c a t e  t h a t  t h e  p i n e a l  
g l a n d  m a y  h a v e  a n  i n h i b i t o r y  e f f e c t  o n  t h e  o p i o id  s y s t e m ,  w h i l e  t h e  o p io id  
p e p t i d e s  s e e m  t o  s t i m u l a t e  m e l a t o n i n  s e c r e t i o n ,  a t  l e a s t  u n d e r  s o m e  
c o n d i t i o n s .  T h e  e f f e c t  o f  t h e  p i n e a l  g l a n d  on  t h e  p i t u i t a r y  c o u l d  b e  d i r e c t  o r  
m e d i a t e d  v i a  t h e  h y p o t h a l a m i c  l e v e l .
M e l a t o n i n  in  a l c o h o l i c  p a t i e n t s
B o r g  e t  a l .  (1 9 8 3 )  r e p o r t e d  l o w e r  l e v e l s  o f  u r i n a r y  m e l a t o n i n  in  a l c o h o l i c  
p a t i e n t s  c o m p a r e d  t o  c o n t r o l s .  T h e  m e l a t o n i n  l e v e l s  o f  t e e t o t a l l e r s  w e r e  
h i g h e r  t h a n  a m o n g  s u b j e c t s  w i t h  a n  a l c o h o l  c o n s u m p t i o n .  S t u d i e s  o f  t h e  m a i n  
n o r a d r e n a l i n e  m e t a b o l i t e  in t h e  c e n t r a l  n e r v o u s  s y s t e m ,  3 - m e t h o x y - 4 -  
h y d r o x y p h e n y l - e t h y l e n a g l y c o l  in  t h e  c e r e b r o s p i n a l  f l u id  h a v e  i n d i c a t e d  a  
c o n n e c t i o n  b e t w e e n  a l c o h o l  i n t o x i c a t i o n  a n d  c e n t r a l  n o r a d r e n a l i n e  
m e t a b o l i s m .  M e l a t o n i n  m a y  b e  c o n s i d e r e d  a n  a d d i t i o n a l  m a r k e r  r e f l e c t i n g  
c e n t r a l  n o r a d r e n e r g i c  m e c h a n i s m .  T h e  p o s s i b l e  r e l a t i o n  o f  m e l a t o n i n  
c o n c e n t r a t i o n s  a n d  n o r a d r e n a l i n  m e t a b o l i t e s  m a y  r e v e a l  n e w  a s p e c t s  o f  
n o r a d r e n e r g i c  a c t i v i t y  in  a l c o h o l i c s .  T h e  r e s u l t s  o f  t h e  s t u d y  o f  B o r g  e t  a l .  
( 1 9 8 3 )  a r e  in l i n e  w i t h  t h e  h y p o t h e s i s  o f  a  l o w  c e n t r a l  n o r a d r e n e r g i c  a c t i v i t y  
d u r i n g  s o m e  p h a s e s  o f  a l c o h o l i s m .
M e l a t o n i n  c o - v a r i e s  w i t h  f a t i g u e  a n d  s l e e p / w a k e  c y c l e
In a  s t u d y  by  A k e r s t e d t  e t  a l .  ( 1 9 8 2 )  m e l a t o n i n  e x c r e t i o n  w a s  s t u d i e d  in 
r e l a t i o n  t o  s u b j e c t i v e  a r o u s a l  d u r i n g  6 4  h  o f  s l e e p  d e p r i v a t i o n  in  12  h e a l t h y  
m a l e s .  T h e  s l e e p - r a t e d  f a t i g u e  e x h i b i t e d  a  c i r c a d i a n  v a r i a t i o n  w i t h  t h e  p e a k  
f a t i g u e  c o i n c i d i n g  t e m p o r a l l y  w i t h  t h e  p e a k  e x c r e t i o n  l e v e l s  o f  m e l a t o n i n .
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In  a n  e x p e r i m e n t a l  s t u d y -  a l s o  o f  17 h e a l t h y  v o l u n t e e r s ,  A r e n d t  e t  a l .  (1 9 8 4 )  
i n v e s t i q a t e d  t h e  e f f e c t s  o f  c h r o n i c  d o s e s  o f  2 m g  m e l a t o n i n  t a k e n  o r a l l y  a t  
1 7 .0 0  h  f o r  a  p e r i o d  o f  f o u r  w e e k s .  T h e  s e l f - r a t e d  t i r e d n e s s  w a s  s i q n i f i c a n t l y  
i n c r e a s e d  in t h e  e v e n i n q  d u r i n q  m e l a t o n i n  t r e a t m e n t .  T h e  a u t h o r s  f o u n d  a  s l o w  
o n s e t  o f  t h e  i n c r e a s e d  e v e n i n q  t i r e d n e s s  w h i c h  is m o r e  c o n s i s t e n t  w i t h  a n  
e f f e c t  o n  t h e  t i m i n q  m e c h a n i s m s  o f  s l e e p  t h a n  a n  a c u t e  s l e e p - i n d u c i n q  e f f e c t .
B r a t l i d  e t  a l .  (1 9 8 4 )  r e c e n t l y  r e p o r t e d  o n  t h e  e f f e c t  o f  e x p o s u r e  t o  b r i q h t  
a r t i f i c i a l  l i q h t  o n  m e l a t o n i n  s e c r e t i o n  a n d  " m i d - w i n t e r  i n s o m n i a "  in  n o r t h e r n  
N o r w a y .  In  17 i n d i v i d u a l s  e x p o s e d  t o  m o r e  t h a n  2 ,0 0 0  lu x  f o r  30  m i n  b e t w e e n  
0 7 . 3 0  a n d  0 8 . 3 0  s u c c e s s i v e l y  f o r  5 d a y s  in  t h e  w i n t e r  s e a s o n  t h e  s e r u m  
m e l a t o n i n  l e v e l s  i n c r e a s e d  in  t h e  e v e n i n q  s a m p l i n q  p e r i o d .  T h is  w a s  
i n t e r p r e t e d  a s  a  p h a s e  a d v a n c e  d u e  t o  t h e  l i q h t  s t i m u l a t i o n  w h i c h  e n t r a i n e d  
t h e  s l e e p / w a k e  c y c l e  t o  a  m o r e  n o r m a l  2 4 - h o u r  p a t t e r n .
M e l a t o n i n  in c l u s t e r  h e a d a c h e
C l u s t e r  h e a d a c h e  is  c h a r a c t e r i z e d  b y  r e g u l a r  a t t a c k s  o f t e n  a p p e a r i n q  a t  n i q h t  
t i m e  a f t e r  o n e  o r  t w o  h o u r s  o f  s l e e p .  M e l a t o n i n  l e v e l s  s e e m  t o  b e  l o w e r  a t  02  h 
d u r i n q  a c t i v e  c l u s t e r  p e r i o d s  t h a n  d u r i n q  c l i n i c a l  r e m i s s i o n  ( W a l d e n l i n d  e t  a l .  
1 9 8 4 ) .  T h i s  f i n d i n q  m a y  r e f l e c t  a n  a l t e r e d  r e g u l a t i o n  o f  c e n t r a l  n e u r o t r a n s ­
m i s s i o n  in  c l u s t e r  h e a d a c h e .
I n t e r f e r e n c e  in t h e  r a d i o i m m u n o a s s a y  o f  m e l a t o n i n
S o m e  p l a s t i c  m a t e r i a l  h a s  b e e n  s h o w n  t o  i n t e r f e r  w i t h  t h e  r a d i o i m m u n o a s s a y  
(R IA )  f o r  m e l a t o n i n .  T h e  s u b s t a n c e s  h a v e  b e e n  i d e n t i f i e d  a s  t r i - ( 2 - b u t o x y e t h v l )  
p h o s p h a t e  ( B e c k  e t  a l .  1 9 8 3 )  a n d  d i m e t h y l  p h t a l a t e  ( W e t t e r b e r q  e t  a l .  1 9 8 4 b ) .  
T h e  s u b s e q u e n t  t e s t i n q  o f  a u t h e n t i c  d i m e t h y l  p h t a l a t e  r e a c t e d  w i t h  t h e  
a n t i s e r u m  f o r  t h e  m e l a t o n i n  in  t h e  c o m m e r c i a l l y  a v a i l a b l e  m e l a t o n i n  R I A  by  
K A L A B ,  B o x  6 3 4 ,  D a n v i l l e .  C A  9 4 5 2 6 ,  U S A .
T h e  d e s c r i b e d  i n t e r f e r i n q  c o m p o u n d s  a r e  u s e d  in m a n i f a c t u r i n q  v a r i o u s  p l a s t i c  
p r o d u c t s  s u c h  a s  p i p e t t e s ,  t u b i n q s  a n d  t e s t  t u b e s .  In  o r d e r  t o  a v o i d  
i n t e r f e r e n c e  in t h e  R I A  i t  is  a d v i s a b l e  t o  u s e  q l a s s  m a t e r i a l  w h e n  c o l l e c t i n g  
b l o o d  f o r  s e r u m  o r  p l a s m a  a n d  a s s a y i n g  m e l a t o n i n .
F u t u r e  d e v e l o p m e n t s  o f  m e l a t o n i n  a s  a  d i a g n o s t i c  t o o l  in e n d o c r i n o l o g y  a n d  
p s y c h i a t r y
T h e  p r e s e n t  r e s u l t s  i n d i c a t e  a  p o s s i b l e  r e l a t i o n s h i p  b e t w e e n  t h e  p i n e a l -  
h y p o t h a l a m u s - p i t u i t a r y - a d r e n a l  n e t w o r k .  I t  is  l i k e l y  t h a t  o t h e r  s t r u c t u r e s  
i n t e r a c t  w i t h  t h i s  n e t w o r k .  T h e  c i r c a d i a n  r h y t h m  o f  m e l a t o n i n  m a y  p r o v i d e  a  
p o s s i b i l i t y  t o  m e a s u r e  a  c e n t r a l  b i o l o g i c a l  c l o c k  m e c h a n i s m  a n d  t o  t e s t  t h e  
i n f l u e n c e  o f  d i f f e r e n t  e n v i r o n m e n t a l  f a c t o r s  o f  t h e  n e u r o e n d o c r i n e  s y s t e m .
I t  is  o b v i o u s  t h a t  in  a d d i t i o n  t o  t h e  q e n e t i c  c o n t r o l  o f  m e l a t o n i n  p r o d u c t i o n ,  a  
h o s t  o f  e n v i r o n m e n t a l  f a c t o r s  i n f l u e n c e  t h e  s e c r e t i o n  o f  m e l a t o n i n  in  h u m a n s .  
F u t u r e  s t u d i e s  w i l l  d e a l  w i t h  t h e  m o l e c u l a r - c h r o m o s m a l  b a s e s  f o r  t h e  
p r o d u c t i o n  a n d  r e g u l a t i o n  o f  t h e  m e l a t o n i n  p r o d u c i n q  e n z y m e s  a s  w e l l  a s  t h e  
r h y t h m i c a l  v a r i a t i o n  in  t h e  s e n s i t i v i t y  o f  t h e  p i n e a l  t o  d i f f e r e n t  e n d o g e n o u s  
a n d  e x t e r n a l  s i q n a l s .
A C K N O W L E D G E M E N T S
T h e  t y o i n q  a s s i s t a n c e  o f  M s S o l v e i q  J o h a n s s o n  a n d  M s  E l s a  R y l a n d e r  is 
g r a t e f u l l y  a c k n o w l e d g e d .
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Since 1932, when Rio Hortega gave his classic account of the state 
of knowledge at that time concerning the structure of the pineal gland, 
many advances have taken place in this subject. These have been in 
large part due to the introduction of electron-microscopy and the 
development of histochemistry. Of particular importance has been the 
growth of knowledge concerning its innervation.
Rio Hortega considered that nerve fibres reached the pineal from 
both the central nervous system and the peripheral nervous system. He 
stated that bundles of myelinated fibres derived from the commissura 
habenularum and the commissura posterior enter the organ and shortly 
afterwards lose their myelin sheaths and become dissociated among the 
parenchymal cells; thus, he left the question open as to whether they 
actually terminated in its substance. The fibres of peripheral origin 
he believed to come from the tela chorioidea and to form a nerve plexus 
within its substance; this was in accord with the view of Ramon y Cajal 
(1904, 1911) who regarded these fibres as being sympathetic and stemming 
from the ganglion cervicale superius. Ramon y Cajal referred to the 
denseness of this intrapineal nerve plexus and stated the pineal "is 
perhaps one of the richest and best supplied of all the glands".
Rio Hortega viewed the occurrence of intrapineal ganglionic nerve 
cells as rare. He did not mention the report given by Kolmer (1929) of 
the constant occurrence of numerous ganglion cells within the distal 
part of the pineal gland of monkeys and did not refer to the description 
in man and the monkey as well as the dog and the goat of the "nervus 
conarii" provided by Kolmer and Löwy (1922) who described this nerve as 
a well-defined bundle of nerve fibres which appears at the posterior 
pole of the pineal and courses in relation to the vena cerebri magna 
toward the tentorium cerebelli. Additional evidence of the occurrence 
of ganglion cells within the pineal of monkeys was given by Levin (1938) 
who reported more than 2,000 in the bonnet monkey ( f l a c a c a / i a d i a t a ).
Le Gros Clark (1940) undertook a more detailed study of the nervus 
conarii in man and the Rhesus monkey W a c a c a  m u l a t t a )  during which he 
commented on the resemblance the intrapineal nerve cells of the monkey 
bore to the ganglion cells of the autonomic nervous system. He 
described these intrapineal cells as being usually multipolar and traced
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the nervus conarii from a central core of neuropil containing them into 
the wall of the sinus rectus in close relation to the branches of a 
choroidal artery. After section of the nervus petrosus major in macaque 
monkeys Kenny (1961) reported degeneration of nerve fibres within the 
nervus conarii and degeneration of the nerve cells within the intra­
pineal neuropil, which 30 days after operation was largely replaced by a 
cellular mass resembling glial tissue containing two cells with the 
appearance of necrotic neurons. Kenny interpreted these findings as 
indicating the presence of preganglionic parasympathetic nerve fibres 
within the nervus conarii and regarded the nerve cells of the neuropil 
as the cells of origin of postganglionic parasympathetic nerve fibres. 
Later David et al. (1975) indicated that acetycholinesterase can be 
demonstrated in these cells. In the same study these workers also found 
many non-myelinated nerve fibres and nerve terminals ending in relation 
to intrapineal blood-capillaries of the monkey degenerated after 
bilateral removal of the ganglion cervicale superius. This result 
indicated the existence of a postganglionic sympathetic contribution to 
the innervation of the gland and these workers concluded that it was 
mainly concerned with the blood-vascular component of the organ. 
Therefore, it would appear that the pineal gland of the monkey is 
innervated by both parasympathetic and sympathetic components of the 
autonomic nervous system.
Collections of nerve cells have been reported in the vicinity of 
the pineal gland of man by a number of investigators. Marburg (1909) 
found a small nerve ganglion above the organ in neonatal material and 
this ganglion was also noticed in an individual aged twenty years in a 
position between the suprapineal recess and the dorsal surface of the 
organ by Kenny (1965); however, Kenny reported its absence in older 
individuals. Pastor! (1930) described a group of about 20 nerve cells 
at the posterior extremity of the organ associated with the nervus 
conarii. Möllgard and Möller (1973) verified the presence of these 
ganglia in the fetal gland and Möller (1978) reported another ganglion 
situated rostrally on the dorsal surface of the pineal closely related 
to the choroid plexus of the third brain ventricle. In this work Möller 
also described a tract of nerve fibres running from the habenular region 
which sometimes reached the ganglion of Pastori; this tract was 
associated with an intrapineal ganglion consisting of 15 to 30 nerve 
cells. However, as far as the occurrence of intrapineal nerve cells in
adult humans is concerned the conclusion of Bargmann (1943), namely,
they occur only occasionally, appears to be still valid.
In contrast, too, to the single nervus conarii of the monkey, in
man the nervus conarii is present bilaterally (Kenny 1965). The two
nerves run anteriorly beneath the floor of the vena cerebri magna from 
the dura mater of the tentorium cerebelli at the junction of this vein 
and the floor of the sinus rectus through a large arachnoidal formation, 
which was termed the "suprapineal arachnoid body" by le Gros Clark 
(1940), towards the posterior pole of the pineal body. In its course, 
each nerve forms part of a neurovascular bundle but the fibres of the 
nerve, which penetrate the posterior pole at a number of sites, in many 
instances enter the organ independently of vessels. Within the pineal 
body the fibres can only be traced with certainty for a restricted 
distance, but, nevertheless, they can be seen to participate in the 
formation of a network extending through both the interlobular septa and
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the parenchyma. In a study of human fetuses 60 to 150 days old 
Hülsemann (1971) showed that the principal innervation comes by way of 
this nerve, a finding which agrees with that of Kenny. MjSllgard and 
Miller (1973) and Miller (1978) have also described in human fetuses a 
small unpaired midsagittal nerve, the "nervus pinealis", which courses 
through the subarachnoid space between the caudal portion of the pineal 
and the most rostral portion of the mid-brain in the general area of the 
subcommissural organ; however, this nerve has not been found in 
postnatal material and its role like that of the various ganglia that 
have been described in connection with the human pineal gland remains 
obscure.
The significance of the intrapineal fibres derived from the 
commissura habenularum and commissura posterior is also obscure. In 
human embryos Hochstetter (1921) found that fibres of commissural origin 
formed loops on the surface of the pineal that permitted them to return 
to the commissure on the opposite side of the mid-line. Kenny (1965) 
reported that in adult humans he observed a few commissural fibres 
intermingled with the adjacent substance of the pineal but was unable to 
trace any of these fibres deeply into it. However, Scharenberg and Liss 
(1965) succeeded in tracing individual nerve fibres derived from the 
commissures to the vicinity of pinealocytes with which they appeared to 
make contact. In the monkey (/*Jacaca m u l a t t a )  Le Gros Clark (1940) 
concluded that the nerve fibres which entered the pineal substance from 
the commissures were aberrant fibres which returned to the commissures 
and were not concerned with the functional innervation of the organ. 
Nielsen and Miller (1975), on the other hand, in C e M .c o p i th e .c u A  a e l h i o p / s  
found a tract of nerve fibres which ran from the posterior commissure 
deeply into the pineal before becoming lost. They were unable to 
determine whether these fibres were pinealopetal or pinealofugal but 
were able to find an occasional fibre within the pineal terminating as 
an end-bulb close to a pinealocyte. David et al. (1975) also found that 
in t t a c a c a  m u l a t t a  nerve fibres entered the pineal from the commissures 
and, in contrast to the earlier study of Le Gros Clark, concluded after 
placing lesions in the habenula that a significant number of fibres from 
the commissura habenularum terminated in the intrapineal neuropil of 
this primate. They, therefore, stated that the pineal of the monkey is 
innervated not only by the peripheral nervous system but by fibres of 
central origin stemming from the habenular region and indicated that the 
role of the fibres entering the organ from the posterior commissure 
remained unknown.
It it clear that our knowledge of the innervation of the primate 
pineal gland is by no means complete. It has only been intensively 
studied in two members of this large order, man and monkey, and with 
respect to the innervation of the pineal of the monkey, which is the 
only primate from which relevant experimental results have been 
obtained, there are many questions. What is the significance in 
functional terms of the neural component of the macaque which appears to 
have preganglionic parasympathetic nerve fibres and fibres derived from 
the habenular commissure ending within it? What is the significance of 
the intrapineal fibres derived from the posterior commissure? Are the 
endings of postganglionic sympathetic nerve fibres confined to 
intrapineal blood-vessels? What is the site of termination of the 
postganglionic parasympathetic nerve fibres which appear to exist? Are
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there nerve endings directly related to the pinealocytes and, if they do
exist, what is their origin? All of these questions remain to be
answered.
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The e x t a n t  p r im a t e s  r e p r e s e n t  t h e  endform s o f  a t  l e a s t  
f o u r  p h y l o g e n e t i c  s t e m s :  t h e  Old World Monkeys and A p es ,  t h e  
New World Monkeys, t h e  P r o s im ia e  and t h e  T a r s i i f o r m e s . The 
O ld  W orld  M onkeys and A p e s  ( C a t a r r h i n i )  and  t h e  New W orld  
M onkeys ( P l a t y r r h i n i ) a r e  p r o b a b l y  r e l a t e d  a t  t h e  b a s e  o f  
t h e i r  r a d i a t i o n  b y  a common l i n k ,  w h ic h  i n  t u r n  p r o b a b l y  
o r i g i n a t e d  from a rem ote  and p r i m i t i v e  t a r s i i f o r m  p o p u l a t i o n  
w h ich  became e x t i n c t .  The modern P r o s im ia e  and t h e  modern  
T a r s i u s  a r e  n o t  p h y l o g e n e t i c a l l y  r e l a t e d  t o  o t h e r  e x t a n t  
p r i m a t e s ;  i n  t h e  p h y l o g e n e t i c  s e n s e  t h e y  a r e  t y p i c a l  en d fo r m s .  
P r e c i s i o n  c o n c e r n in g  t h e  s p e c i e s  t o  be c o n s i d e r e d  i s  n e c e s s a r y  
a s  t h e y  c o u ld  be  s e p a r a t e d  from  each  o t h e r  by  a span  o f  t im e  
a lm o s t  a s  lo n g  a s  t h e  t e r t i a r y  p e r i o d .
The p l a c e  o f  t h e  t u p a i i d s  i s  s t i l l  u n c e r t a i n .  I t  may b e  
t h a t  t h e y  a r e  v e r y  p r i m i t i v e  p r o s im ia n s  o r  t h e y  may b e lo n g  t o  
an o r d e r  o f  t h e i r  own i n  w h ic h  c a s e  t h e  q u e s t i o n  a r i s e s  
w h e th e r  t h e y  h a v e  any p h y l o g e n e t i c  r e l a t i o n  t o  t h e  p r i m a t e s .  
The modern t u p a i i d s  a r e  t h e  m ost p r i m i t i v e  e u t h e r i a n  
r e p r e s e n t a t i v e s  and s h a r e  many a n a t o m ic a l  f e a t u r e s  w i t h  t h e  
m ost p r i m i t i v e  e x t a n t  m a r s u p ia l  D id e lp h y s  w h ich  e x h i b i t s  t h e  
m o s t  p r i m i t i v e  fo rm  o f  m am m alian  p i n e a l  o r g a n ,  t h a t  i s ,  a 
h o l l o w ,  h e m i s p h e r i c a l  s t r u c t u r e  w hose  c a v i t y  ( r e c e s s u s  
p i n e a l i s )  o p e n s  i n t o  t h e  t h i r d  v e n t r i c l e  o f  t h e  b r a i n  (H o fer  
e t  a l . ,  1 9 7 6 ) .  A lth o u g h  t h e  m a t te r  rem a in s  c o n t r o v e r s i a l ,  i n  
t h i s  s t u d y  T u p a ia  g l i s  i s  c o n s i d e r e d  t o  be  a s u r v i v o r  o f  a 
group o f  e u t h e r i a n s  a n c e s t r a l  t o  t h e  p r im a t e s  and p r o b a b ly  t o  
o t h e r  e u t h e r i a n  g r o u p s  a s  w e l l .  B e c a u se  o f  t h i s ,  t h e  p i n e a l  
r e g i o n  o f  t h e  b r a in  o f  T. g l i s  h a s  b e e n  i n v e s t i g a t e d  i n  t h i s  
w ork  t o g e t h e r  w i t h  t h a t  o f  t h e  O ld  W orld  m onkey M acaca  
f a s c i c u l a r i s , t h e  New World monkeys C a l l i t h r i x  c a l l i t r i c h a , 
Cebus a p e l l a  and S a i m i r i  s c i u r e u s , and t h e  p r o s im ia n s  G a lago  
c r a s s i c a n d a t u s , N y c t i c e b u s  c o u ca n g  and Lemur ( s p e c i e s  unknown, 
? f u l v u s ) .
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L i t t l e  i s  known a b o u t  t h e  p r im a te  p i n e a l  g la n d  (body)  
( S u z u k i ,  1938;  s e e  r e v ie w s  by  Bargmann, 1 9 4 3 ,  and V o l l r a t h ,  
1 9 8 1 ) .  I t  i s  t y p i c a l l y  a d i s t i n c t ,  s o l i d  s t r u c t u r e  s i t u a t e d  
b e tw een  t h e  com m issura  habenularum  and t h e  com m issura  c a u d a l i s  
( p o s t e r i o r )  w h ich  i s  c o v e r e d  on i t s  v e n t r i c u l a r  s u r f a c e  by  t h e  
su b c o m m issu r a l  o rg a n  (SCO); i n  form , i t  i s  m o s t ly  k n o b - ,  c o n e -  
o r  s p i n d l e - s h a p e d .  I t  i s  more o r  l e s s  t i l t e d  o v e r  t h e  te c tu m  
m e s e n c e p h a l i ,  o c c a s i o n a l l y  com ing i n t o  v e r y  c l o s e  c o n t a c t  w i th  
t h e  m e se n c e p h a lo n ,  and i t s  d o r s a l  a s p e c t  i s  c o v e r e d  by t h e  
r e c e s s u s  s u p r a p i n e a l i s  o f  t h e  c a u d a l  p a r t  o f  t h e  p l e x u s  
c h o r o i d e u s  o f  t h e  t h i r d  v e n t r i c l e .  I t s  h i s t o l o g i c a l  and  
c y t o l o g i c a l  f e a t u r e s  a p p e a r  t o  b e  e s s e n t i a l l y  t h e  same a s  
t h o s e  o b s e r v e d  i n  o t h e r  mammalian p i n e a l  g l a n d s .  A c c o r d i n g l y ,  
t h i s  s t u d y  i s  c o n f i n e d  t o  s e l e c t e d  p o i n t s  o f  p r im a te  p i n e a l  
anatom y.
M a t e r i a l  a n d  M e t h o d s
T h e  a n i m a l s  u s e d  i n  t h i s  s t u d y  w e r e  o b t a i n e d  fro m  a 
d e a l e r .  For l i g h t - m i c r o s c o p i c  s t u d i e s  t h e  a n im a ls  w ere  
a n a e s t h e t i z e d  ( e t h e r ,  n em b u ta l)  and t h e  b lo o d  was w ashed  o u t  
w it h  n o r m o s o l ,  h e m a c e l  o r  p e r i s t o n  N. S u b s e q u e n t ly  t h e y  w ere  
p e r f u s e d  w i t h  t h e  f i x a t i v e  ( B o u in ' s  f l u i d ,  f o r m a l in )  from t h e  
l e f t  v e n t r i c l e  o r  fro m  t h e  a o r t a .  The w h o l e  b r a i n s  w e r e  
embedded i n  p a r a f f i n  and s e c t i o n e d  a t  e i t h e r  10 pm o r  12 pm. 
The f o l l o w i n g  d y e s  w e r e  u s e d  t o  s t a i n  t h e  t i s s u e s :  N i s s l ,  
a z a n ,  c h r o m a lu m - h e m a t o x y l in - p h lo x in ,  i r o n  h e m a t o x y l i n .  S i l v e r  
m e t h o d s  a f t e r  P a lm g r e n ,  B o d ia n  and P e r d r a u  w e r e  u s e d  t o  
im p r e g n a te  n e r v o u s  t i s s u e .
For e l e c t r o n - m i c r o s c o p i c  s t u d i e s  t h e  a n im a ls  w ere  
i n i t i a l l y  t r e a t e d  a s  f o r  t h e  l i g h t - m i c r o s c o p i c  s t u d i e s ;  t h e n  
t h e y  w ere p e r f u s e d  w i t h  a s o l u t i o n  o f  2.5% g l u t a r a l d e h y d e  i n
0.1M c a c o d y l a t e  b u f f e r  (pH 7 . 4 )  f o r  a p p r o x im a t e ly  30 t o  60 
m in u t e s .  The b r a i n s  w ere d i s s e c t e d  and t h e  p i n e a l s  w ere  p u t  
i n  t h e  sam e f i x a t i v e  f o r  6 t o  12 h o u r s ;  s u b s e q u e n t l y  t h e  
t i s s u e s  w ere  w ashed  s e v e r a l  t i m e s  i n  0.1M c a c o d y l a t e  b u f f e r  
and p o s t f i x e d  i n  a s o l u t i o n  o f  2% osmium t e t r o x i d e  i n  0.1M  
c a c o d y l a t e  b u f f e r ;  t h e  t i s s u e s  w ere d e h y d r a te d  i n  a grad ed  
s e r i e s  o f  a c e t o n e  and s t a i n e d  f o r  60 m in u t e s  "en b lo c "  i n  a 
s o l u t i o n  o f  1% u r a n y l  a c e t a t e  and 5% p h o s p h o t u n g s t i c  a c i d .  
V e s t o p a l  W was u se d  f o r  em bedding; t h e  t i s s u e s  w ere  
s u b s e q u e n t l y  s e c t i o n e d  w i t h  g l a s s  k n i v e s  on a R e i c h e r t  u l t r a ­
m icro tom e and s t u d i e d  w i t h  t h e  a i d  o f  a Z e i s s  EM 9S e l e c t r o n  
m ic r o s c o p e  a t  6 0 k v .
The f o l l o w i n g  p r im a t e  s p e c i e s  w ere  a v a i l a b l e  f o r  
e l e c t r o n - m i c r o s c o p i c  s t u d i e s :  C a l l i t h r i x  c a l l i t r i c h a , S a i m i r i  





A )  Tupaia g l i s , £  , 
pregnant, 10 pm, 
chroma 1um- 
hemato x y l i n -  
p hloxin (Gomori). 
arrow: comm.' hab.; 
arrowhead: SCO and 
comm. p osterior; 
asterisk: recessus 
suprapineal i s ;
am: aqu a e d u c t u s
m e s e n c e p h a l i .
B) Lemur s p . ,
10 pm (Gomori). 
The v e n t r i c u l a r  
su r f a c e  of the 
pineal e n t i r e l y  
immersed in the 
CSF. Arrow: comm, 
hab. (situated in 
the p a r e n c h y m a  of 
the pineal body); 
arrowhead: SCO and 
comm, p osterior.
C) Lemur s p . ,
10 pm, obj. 16x, 
silv e r  i m p r e g ­
nation a f t e r  Palm- 
gren. Comm. hab. 
e n c o m p a s s e d  by 
pineal parenchyma.
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O b s e r v a t i o n s
In  T u p a ia  g l i s  t h e  p i n e a l  g l a n d  ( F i g .  l a ;  s e e  Hwang, 
1982) i s  a p aren ch y m a to u s  b a r ,  p a r t  o f  w h ich  p r o j e c t s  o v e r  t h e  
com m issura  habenularum ; t h e  d o r s a l  l e g  o f  t h e  U -sh ap ed  
com m issure  i s  c o n t in u o u s  w i t h  t h e  v e n t r a l  w a l l  o f  t h e  r e c e s s u s  
s u p r a p i n e a l i s  w h ich  i s  r e l a t e d  i n f e r i o r l y  t o  t h e  d o r s a l  
s u r f a c e  o f  t h e  p i n e a l  b o d y .  The s p a c e  b e tw e e n  t h e  two l e g s  o f  
t h e  com m issura  habenularum  c o n t a i n s  e x t r e m e ly  l o o s e  a r a c h ­
n o i d a l  t i s s u e  and a few  b lo o d  v e s s e l s .  In T upaia  t h e  b u n d le s  
o f  t h e  com m issura  habenularum  and o f  t h e  com m issura  c a u d a l i s  
a r e  c o n t in u o u s  w i t h  t h e  parenchyma o f  t h e  o r g a n .
In  Lemur s p .  t h e  o rg a n  i s  d i s t i n c t l y  d i f f e r e n t  from t h a t  
o f  T upaia  i n  t h e  two f o l l o w i n g  f e a t u r e s  ( F i g .  l b , c ) :  f i r s t ,  
i t s  d i s t a l  end i s  d i r e c t l y  c o n n e c t e d  t o  t h e  p l e x u s  c h o r o id e u s ;  
s e c o n d l y ,  t h e  com m issura  habenularum  i s  s i t u a t e d  w i t h i n  i t s  
p a r e n c h y m a  and h a s  no r e l a t i o n  t o  a n y  p a r t  o f  t h e  p l e x u s  
c h o r o i d e u s .  In d e e d ,  t h e  a n a t o m ic a l  a rran gem en t  o f  t h e  p i n e a l  
r e g i o n  i n  t h i s  a n im a l i s  h i g h l y  s p e c i a l i z e d  and d i v e r g e n t  from  
t h e  more p r i m i t i v e  c o n d i t i o n  found i n  T upaia  i n  t h e  f o l l o w i n g  
r e s p e c t s :  (1 )  t h e  p i n e a l  o rg a n  i s  n o t  s i t u a t e d  b e tw e e n  t h e  
tw o  c o m m i s s u r e s  s i n c e  t h e  p i n e a l  p a r e n c h y m a  s u r r o u n d s  t h e  
com m issura  hab en u laru m , (2 )  t h e  n e r v e  b u n d le s  o f  t h e  c r o s s -  
s e c t i o n e d  com m issura  habenularum  a r e  n o t  a r r a n g e d  as  a 
c ir c u m s c r ib e d  t r a c t  b u t  a r e  d i s p e r s e d  i n  t h e  p i n e a l  
parenchym a, (3 )  t h e r e  i s  no r e l a t i o n  b e tw e e n  t h e  com m issura  
habenularum  and t h e  p l e x u s  c h o r o i d e u s ,  (4 )  t h e  r e c e s s u s  
p i n e a l i s  i s  a b s e n t ,  t h e  v e n t r i c u l a r  s u r f a c e  o f  t h e  p i n e a l  
b u l g i n g  i n t o  t h e  t h i r d  v e n t r i c l e ,  and (5 )  a t y p i c a l  r e c e s s u s  
s u p r a p i n e a l i s  i s  a l s o  m i s s i n g .
In t h e  l o r i s i f o r m  p r o s im ia n  N y c t i c e b u s  cou can g  t h e  
anatomy o f  t h e  p i n e a l  com p lex  ( F i g .  2) can  b e  r e a d i l y  d e r i v e d  
fro m  t h e  c o n d i t i o n  fo u n d  i n  T u p a i a . The p i n e a l  b o d y  i s  
t y p i c a l l y  s i t u a t e d ,  t h a t  i s ,  b e tw e e n  t h e  c o m m issu r e s .  The 
r e c e s s u s  s u p r a p i n e a l i s  i s  n o t  r e m a r k a b le ;  t h e  p o r t i o n  o f  t h e  
p i n e a l  com p lex  d e l i m i t i n g  t h e  r e c e s s u s  p i n e a l i s  forms a s l i g h t  
c o n v e x i t y  b a th e d  by t h e  c e r e b r o s p i n a l  f l u i d  (CSF) o f  t h e  t h i r d  
v e n t r i c l e .  The com m issura  habenularum  i s  i n c o r p o r a t e d  w i t h  
t h e  p i n e a l  body and i n  s a g i t t a l  s e c t i o n s  i t  a p p e a r s  a s  a s m a l l  
d o r s a l l y  s i t u a t e d  knob . The d o r s a l  s u r f a c e  o f  t h e  p i n e a l  body  
i s  t o t a l l y  c o v e r e d  b y  t h e  v e n t r a l  la m in a  o f  t h e  r e c e s s u s  
s u p r a p i n e a l i s .  The p i n e a l  com p lex  o f  t h e  o t h e r  l o r i s i f o r m  
p r o s im ia n  a v a i l a b l e  f o r  s t u d y ,  nam ely , G a la g o  c r a s s i c a u d a t u s  
i s  m a c r o s c o p i c a l l y  s i m i l a r  t o  t h a t  o f  N y c t i c e b u s . In  s a g i t t a l  
s e c t i o n s ,  t h e  p i n e a l  body i n  N y c t i c e b u s  a p p e a r s  more c o n i c a l  
and l e s s  s p h e r i c a l  i n  sh a p e  th a n  i n  G a lago  and i n  c o n t r a s t  t o  
G ala g o  t h e  d o r s a l  s u r f a c e  o f  t h e  com m issura  habenularum  i s  
c o v e r e d  w i t h  p i n e a l  p a r e n c h y m a ;  t h e s e  d i f f e r e n c e s  may b e  
w i t h i n  t h e  ra n g e  o f  normal v a r i a t i o n .
In  t h e  New World monkey S a i m i r i  s c i u r e u s  ( F i g .  3) t h e  
p i n e a l  c o m p le x  h a s  t h e  sam e g e n e r a l  c o n f i g u r a t i o n  a s  t h a t  




sagittal s e ction of 
the pineal area; 10 
pm, (Azan).
A) Survey; V: third
ventricle; arrow: 
comm. h a benularum; 
arrowhead: comm,
caudalis with parts 
of the SCO; a s t e r ­
isk: recessus supra- 
pinealis; am: aquae- 
ductus m e s e n c e p h a l i .
B) Comm, h a b e n u l a r u m  
part l y  c overed by 
pineal parenchyma;
x 16.
F i g . 3.
Saimiri sciureus,
adult £; sagittal 
s ection of the 
pineal area; 10pm; 
iron hem a t o x y l i n  
(Heidenhain). Note 
the g l o b p l a r  shape 
of the pineal body. 
V:third ventricle; 
arrow: comm, hab.; 
arrowhead: SCO and 
comm, caudalis.
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F i g . 4.
Ventral lamina of the recessus s u p rapinealis; the c o a l e s c e n c e  is in all of t h e s e  cases complete. Note v a s c u l a r i z a t i o n  of the pineal paren c h y m a  u n d e r n e a t h  of the epith e l i a l  layer.
A) Galago crassicaudatus, cross-s e c t i o n ,  10 pm, obj. 40x (Gomori). The e p i t h e l i u m  is simple cuboidal e x h i b i t i n g  kinocilia.
B) Hacaca fascicularis, adult, sagittal, 10 pm, obj. 25x (Gomori). Simple 
folds of the lamina c o n t a i n i n g  c a p i l l a r y  loops.
C) Galago crassicaudatus, adult, sagittal, 10 pm, obj. 40x (Gomori). Two epithelial folds ot d i t t e r e n t  size c o n t a i n i n g  blood vessels.
D) Galago crassicaudatus, same animal as in C; technical data as in C. The e x t r e m i t y  (asterisk) of the recessus suprapinealis; the cuboidal 
epithelium, w h i c h  is c o a l e s c e n t  with the pineal body, is c o n t i n u o u s  with 
the e p i t h e l i u m  of the plexus; note d i f f e r e n c e s  in the two kinds of cells, 




sex u n k n o w n . L a y e r  of cells of the 
lamina of the suprapineal recess 
c o a l e s c e n t  wi t h  the pineal body. 
The e p ithelial cells o f  the recess 
fo r m  a fold c o n t a i n i n g  blood 
vessels (asterisks); note the 
abun d a n t  micro v i l l i  (arrowheads). 
The epith e l i a l  cells are u p h o l ­
stered by loose arachnoidal tissue; 
note the c o l l a g e n  f i brils (arrows). 
There is no o r g a n i z e d  a r a chnoid 
tiss u e  s e p a r a t i n g  the e l e m e n t s  of 
the reces s u s  from the dorsal 
s urface of the pineal body. The 
pineal cells are d o r s a l l y  c overed 
by a d e n s e  t e x t u r e  of fil a m e n t o u s  
p r o cesses of astrocytes, 
x 2 8 5 0 .
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O ld  W orld  m onkey M acaca  f a s c i c u l a r i s  t h e  p i n e a l  g l a n d  i s  
c h a r a c t e r i z e d  b y  t h e  p r e s e n c e  o f  a d o r s a l  and a v e n t r a l  
l a m e l l a  c o n n e c t i n g  t h e  o r g a n  d o r s a l l y  w i t h  t h e  c o m m is s u r a  
habenularum  and v e n t r a l l y  w i t h  t h e  com m issura  c a u d a l i s ;  g l i a l  
t i s s u e  l a c k i n g  parenchym a and n e r v e  f i b r e s  a s s i s t s  in  t h i s  
c o n n e c t i o n .  The ependyma c o v e r i n g  t h e  v e n t r a l  p a r t  o f  t h e  
o r g a n  i n  Macaca f a s c i c u l a r i s  i s  d i r e c t l y  c o n t in u o u s  w i t h  t h e  
ep en d ym a o f  t h e  SCO. In  a d u l t  s p e c i m e n s  i t  i s  d i s t i n c t l y  
d i f f e r e n t  from t h e  e l o n g a t e d  s e c r e t o r y  ependyma o f  t h e  SCO. 
In newborn i n d i v i d u a l s  i t  i s  d i f f i c u l t  t o  d i s c r i m i n a t e  b e tw een  
t h e  two b e c a u s e  o f  t h e  p r e s e n c e  i n  t h i s  s i t u a t i o n  o f  f e t a l  
ependyma w h ich  i s  a l s o  composed o f  e l o n g a t e d  c e l l s ;  h o w ev er ,  
no e v i d e n c e  o f  s e c r e t o r y  a c t i v i t y  i n  t h e  ependyma c o v e r i n g  t h e  
v e n t r a l  p a r t  o f  t h e  o rg a n  i s  p r e s e n t .
The r e c e s s u s  s u p r a p i n e a l i s  o f  t h e  i n v e s t i g a t e d  s p e c i e s  o f  
p r im a t e s  p r o v i d e s  a number o f  i n t e r e s t i n g  o b s e r v a t i o n s .  The 
e p i t h e l i a l  c e l l s  o f  t h e  p l e x u s  c h o r o id e u s  l i n i n g  t h e  v e n t r a l  
lam in a  o f  t h e  r e c e s s u s  s u p r a p i n e a l i s  a d j a c e n t  t o  t h e  d o r s a l  
s u r f a c e  o f  t h e  p i n e a l  show d i f f e r e n t  f e a t u r e s  from t h o s e  o f  
t h e  t y p i c a l  c h o r o i d a l  e p i t h e l i a l  c e l l s  i n  t h e  same i n d i v i d u a l  
( F i g .  4 ) ;  t h e y  a r e  f l a t t e r  and  t h e i r  b r u s h - b o r d e r  i s  l e s s  
d i s t i n c t l y  d e v e lo p e d .  A d d i t i o n a l l y ,  a f t e r  t h e  u s e  o f  r o u t i n e  
s t a i n s ,  e . g . ,  a za n  and c h r o m a lu m - h e m a t o x y l in - p h lo x in ,  t h e s e  
m o d i f i e d  c e l l s  s t a i n  s l i g h t l y ,  b u t ,  n e v e r t h e l e s s ,  d i s t i n c t l y  
d i f f e r e n t l y  from t h e  o t h e r  c h o r o i d a l  e p i t h e l i a l  c e l l s  b e i n g  
p a l e r  i n  a p p e a r a n c e .
I n  c r o s s - s e c t i o n s  t h e  r e c e s s u s  s u p r a p i n e a l i s  sh o w s  a 
m edian a r e a  i n  c o n t a c t  w i t h  t h e  d o r s a l  s u r f a c e  o f  t h e  p i n e a l  
body w h i l e  t h e  l a t e r a l  p a r t s  a r e  f r e e .  The c h o r o i d a l  
e p i t h e l i a l  c e l l s  o f  t h e s e  f r e e  p o r t i o n s  a r e  t y p i c a l  i n  t y p e  
and t h e  l e p t o m e n in g e a l  t i s s u e  a d j a c e n t  t o  t h e s e  c e l l s  c o n t a i n s  
numerous c o l l a g e n  f i b r i l s  fo rm in g  p a r t  o f  a c o n s p ic u o u s  l a y e r  
o f  c o n n e c t i v e  t i s s u e  w h ich  h e l p s  t o  s e p a r a t e  t h e  r e c e s s  from  
t h e  e x t r a c e r e b r a l  CSF. In t h e  m edian a r e a  t h e  v e n t r a l  lam ina  
o f  t h e  r e c e s s  c o a l e s c e s  w i t h  t h e  p i n e a l .  The c o a l e s c e n c e  i s  
c h a r a c t e r i z e d  by a l t e r a t i o n s  i n  t h e  a p p e a r a n c e  o f  t h e  
s t r u c t u r e s  i n v o l v e d .
I n  S a i m i r i  s c i u r e u s  t h e  a r e a  o f  c o a l e s c e n c e  ( F i g .  5 )  
shows o n l y  a s i n g l e  l a y e r  o f  l o o s e l y  t e x t u r e d  l e p t o m e n in g e a l  
t i s s u e ,  w i t h  c o l l a g e n  f i b r i l s  r u n n in g  i n  v a r i o u s  d i r e c t i o n s ,  
s e p a r a t i n g  t h e  m o d i f i e d  c h o r o i d a l  e p i t h e l i u m  from a d e n s e l y  
t e x t u r e d  l a y e r  o f  f i l a m e n t o u s  p r o c e s s e s  b e l o n g i n g  t o  a s t r o ­
c y t e s  a l s o  ru n n in g  i n  many d i f f e r e n t  d i r e c t i o n s .  T h is  
a s t r o c y t i c  l a y e r ,  w hich  c o r r e s p o n d s  t o  t h e  lam in a  g l i a e  
s u p e r f i c i a l i s  o f  t h e  b r a i n ,  en co m p a sses  t h e  p i n e a l  parenchym a  
t o  w h ich  i t  i s  a t t a c h e d  w i t h o u t  i n t e r r u p t i o n  by any  
i n t e r v e n i n g  s p a c e .  In  C eb u s  a p e l l a  ( F i g .  6 )  t h e  l e p t o ­
m e n in g e a l  c o n n e c t i v e  t i s s u e  l a y e r  i s  a b s e n t  and t h e  l a y e r  o f  
m o d i f i e d  c h o r o i d a l  e p i t h e l i a l  c e l l s  r e s t s  d i r e c t l y  upon t h e  
lam in a  g l i a e  s u p e r f i c i a l i s  i n  w hich  t h e  f i l a m e n t o u s  p r o c e s s e s  
o f  a s t r o c y t e s  a r e  e s p e c i a l l y  num erous. F i b r i l l a r y  a s t r o c y t i c  




the layer of cells of the 
suprapineal recess is c o a l e s c e n t  
with the pineal body. The m i c r o ­
villi (arrow) of the c ells of the 
ventral lamina are less numerous 
than in r e g u l a r  plexus cells. There 
is no ara c h n o i d  layer; coll a g e n  
bundles are e n t i r e l y  absent. The 
section m e e t s  the lamina of the 
recessus s u p r a p i n e a l i s  somewhat 
o bliquely; t h e r e f o r e  cells of the 
ventral lamina of the recess are 
situ a t e d  wit h i n  the t hick layer of 
a d ense t e x t u r e  of a s t r o c y t i c  p r o c ­
esses (arrowhead); P; pineal cell. 
x2850.
F i g . 7.
T o p o g r aphical relation of the rece s s u s  s u p r a p i n e a l i s  to the dorsal 
s u rface of  the pineal bod y  in two d i f f e r e n t  stages.
A) Macaca fascicularis; lateral parts of the reces s u s  s u p r a p i n e a l i s  which 
is still fr e e  o f  the dorsal s u rface of the pineal body. The cells of the 
ventral lamina of the rece s s u s  are t y p i c a l l y  de v e l o p e d  plexus cells; note 
the base m e n t  m e m b r a n e  (arrows). The tissue ventral to the latter is 
lep t o m e n i n x  c o n t a i n i n g  blood vessels; there is a wid e  p e r i v a s c u l a r  space 
(asterisk) e n c o m p a s s i n g  one of the vessels. Note the d i s t i n c t  layer of 
c o n n e c t i v e  t i s s u e  (arrowhead) separ a t i n g  the wall of the suprapineal 
recess fr o m  the c i s t e r n a  (C); note the c o l l a g e n  bundles (small
a r r o w h e a d s ) ; x 5700.
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B) Callithrix callithricha; m o s t  comp l e t e  c o a l e s c e n c e  of the ventral 
e p ithelial lamina of the rece s s u s  s u p r a p i n e a l i s  with the pineal body. The 
simple layer of fl a t  epith e l i a l  cells e x h i b i t s  a d i s t i n c t  basal lamina 
(arrows); the n u m b e r  of micro v i l l i  is d i s t i n c t l y  less than in the same 
cells of  o t h e r  species. N o t e  the de e p  i n d entations of the n uclear 
envelopes. Fil a m e n t o u s  pr o c e s s e s  of astro c y t e s  a p p e a r  in c l u s t e r s  or in 
isolation (arrowheads); th e y  n ever f o r m  a c o n t i n u o u s  layer; x 5700.
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f e a t u r e  w h ich  a p p e a r s  t o  be  a g e n e r a l  c h a r a c t e r i s t i c  o f  t h e  
New World monkeys ( f o r  r e f e r e n c e s  s e e  V o l l r a t h ,  1981;  
W arten b erg ,  S a i m i r i , 1968; c f .  H ülsemann, M acaca, 1 9 6 7 ) .  The 
m o d i f i e d  c h o r o i d a l  e p i t h e l i a l  c e l l s  o f  t h e  m edian p o r t i o n  o f  
t h e  v e n t r a l  l a m in a  o f  t h e  r e c e s s  i n  C eb u s  p o s s e s s  f e w e r  
m i c r o v i l l i  t h a n  t h e  e p i t h e l i a l  c e l l s  o f  t h e  f r e e  l a t e r a l  
p o r t i o n s  o f  t h e  v e n t r a l  l a m in a  o f  t h e  r e c e s s  i n  M acaca  
f a s c i c u l a r i s  ( F i g .  7 a ) .  In  C a l l i t h r i x  c a l l i t r i c h a  (Fig"! 7b) 
t h e  m o d i f i e d  c h o r o i d a l  e p i t h e l i a l  c e l l s  o f  t h e  v e n t r a l  lam in a  
p o s s e s s  f e w e r  m i c r o v i l l i  t h a n  t h o s e  o f  t h e  o t h e r  s p e c i e s ;  
h o w e v e r ,  t h e  d eep  i n f o l d i n g  o f  t h e i r  n u c l e a r  e n v e l o p e s  
i n d i c a t e s  a h i g h  c e l l u l a r  a c t i v i t y .  In  t h i s  s p e c i e s ,  t h e  
lam in a  g l i a e  s u p e r f i c i a l i s  i s  a b s e n t  and t h e  m o d i f i e d  
c h o r o i d a l  e p i t h e l i a l  c e l l s  a r e  a t t a c h e d  d i r e c t l y  t o  t h e  p i n e a l  
parenchym a, a b a sem en t  membrane b e i n g  p r e s e n t ;  f i l a m e n t o u s  
p r o c e s s e s  o f  a s t r o c y t e s  i n  r e l a t i o n  t o  t h e  r e c e s s  o c c u r  o n l y  
s p o r a d i c a l l y  or  i n  c ir c u m s c r ib e d  c l u s t e r s .
Conclusions
1 . A l t e r a t i o n s  i n  t h e  m orphology  o f  t h e  mammalian p i n e a l  
body a r e  marked. However, t h e  m ost p r i m i t i v e  form r e p r e s e n t e d  
i n  D id e lp h y s  h a s  n o t  b een  fou n d  t o  o c c u r  i n  any o f  t h e  s p e c i e s  
e x a m in e d  i n  t h i s  s t u d y .  D e s p i t e  t h e  f a c t  t h a t  t h e  p i n e a l  
m orp h ology  o f  many p r o s im ia n s  i s  s t i l l  unknown, i t  i s  v e r y  
p r o b a b le  t h a t  t h e  sh a p e  o f  t h e  p r o s im ia n  p i n e a l  and t h a t  o f  
t h e  New and Old World Monkeys and t h e  Apes i s  d e r i v e d  from an 
a n c e s t r a l  t y p e  v e r y  s i m i l a r  t o  t h a t  o f  T u p a ia . W hile  t h i s  
i n v e s t i g a t i o n  i n d i c a t e s  t h e  p i n e a l  o f  Lemur s p . i s  d i f f e r e n t  
from t h a t  o f  o t h e r  p r im a t e s  i n  s e v e r a l  r e s p e c t s ,  no 
s a t i s f a c t o r y  e x p l a n a t i o n  can  be o f f e r e d  t o  a c c o u n t  f o r  t h i s  
f i n d i n g  a s  o n l y  on e  sp e c im e n  was a v a i l a b l e  f o r  s t u d y  and t h e  
sh a p e  o f  t h e  p i n e a l  i n  o t h e r  Lem uridae i s  unknown.
2 .  I n  som e s p e c i e s  o f  t h e  p r i m a t e s  e x a m in e d  i n  t h i s  
s t u d y  p a r t  o f  t h e  p i n e a l  parenchym a i s  a t y p i c a l l y  s i t u a t e d  
o c c u r r i n g  b e tw e e n  t h e  b u n d le s  o f  t h e  com m issura  habenularum  o r  
a t  l e a s t  p a r t l y  c o v e r i n g  i t .  The s i g n f i c a n c e  o f  t h i s  
arra n g em en t  c a n n o t  b e  e s t a b l i s h e d  due t o  t h e  l i m i t e d  m a t e r i a l  
a v a i l a b l e  a n d ,  t h e r e f o r e ,  no  s t a t e m e n t  c a n  b e  made a s  t o  
w h e th e r  o r  n o t  t h i s  a r e a  o f  parenchym a h a s  t h e  same f u n c t i o n  
a s  t h e  r e m a in in g  parenchym a; i n  t h i s  c o n n e c t i o n  a d e t a i l e d  
s t u d y  o f  i t s  i n n e r v a t i o n  i s  r e q u i r e d .
3 .  In  t h e  p r im a t e s  s t u d i e d ,  t h e  v e n t r a l  la m in a  o f  t h e  
r e c e s s u s  s u p r a p i n e a l i s  may c o a l e s c e  w i t h  t h e  d o r s a l  s u r f a c e  o f  
t h e  p i n e a l  b o d y  i n  o r d e r  t o  p r o v i d e  f o r  t h e  i n t r a c e l l u l a r  
t r a n s p o r t  o f  horm ones from t h e  i n t r i n s i c  c e l l s  o f  t h e  p i n e a l  
i n t o  t h e  CSF. A l t h o u g h  d i f f e r e n t  l a y e r s  o f  t i s s u e  c a n  b e  
found  b e tw e e n  t h e  m o d i f i e d  c h o r o i d a l  e p i t h e l i u m  o f  t h e  v e n t r a l  
la m in a  o f  t h e  r e c e s s u s  s u p r a p i n e a l i s  and t h e  p i n e a l  p a r e n ­
ch ym a, n u m e r o u s  b l o o d  c a p i l l a r i e s  a r e  c o n s t a n t l y  s i t u a t e d  
b e n e a th  t h i s  e p i t h e l i a l  l a y e r ;  n o t  i n f r e q u e n t l y  th e  e p i t h e l i u m  
fo r m s  f o l d s  c o n t a i n i n g  c a p i l l a r y  l o o p s .  T h i s  a r r a n g e m e n t
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i n c r e a s e s  t h e  s u r f a c e  a r e a  o f  t h e  e p i t h e l i u m  and, t h e r e f o r e ,  
may f a c i l i t a t e  t h e  f l o w  o f  f u n c t i o n a l l y  im p o r ta n t  s u b s t a n c e s  
from t h e  i n t r i n s i c  c e l l s  o f  t h e  p i n e a l  th r o u g h  t h i s  a r e a  o f  
e p i t h e l i u m  i n t o  t h e  CSF. T h is  c o n c e p t  i s  s p e c u l a t i v e ,  
h o w ev er ,  and r e q u i r e s  e x p e r im e n t a l  p r o o f ;  i n  p a r t i c u l a r ,  t h e  
d i r e c t i o n  o f  t h e  b lo o d  f lo w  i n  t h i s  a r e a  r e q u i r e s  s t u d y .  I t  
need  n o t  be  t h a t  movement o f  s u b s t a n c e s  from t h e  p i n e a l  i n t o  
t h e  CSF r e q u i r e s  d i r e c t  c o n t a c t  b e tw een  t h e  p i n e a l  parenchyma  
and t h e  CSF. The r e c e s s u s  s u p r a p i n e a l i s  i s  h om ologou s  w i t h  
t h e  s a c c u s  d o r s a l i s  o f  r e p t i l e s ;  i t  i s  u n l i k e l y  t h a t  a 
s t r u c t u r e  w i t h  s u c h  a l o n g  p h y l o g e n e t i c  h i s t o r y  w o u ld  b e  
w i t h o u t  a s i g n i f i c a n t  f u n c t i o n .
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G l u c o c o r t i c o i d  s e c r e t i o n ,  234
G o lg i  a p p a r a t u s ,  3 5 ,  41
G onadal ( s e x u a l )  a c t i v i t y ,  1 6 3 ,  1 6 5 ,  1 6 6 ,  1 7 0 ,  1 7 6 ,  1 8 9 ,  190 ,  
1 9 9 ,  2 0 0 ,  201
G onadal f u n c t i o n ,  s e e  R e p r o d u c t iv e  f u n c t i o n
G onadal r e g r e s s i o n  ( a t r o p h y ) ,  1 6 4 ,  1 6 9 ,  1 7 7 ,  1 8 9 ,  2 0 0 ,  2 3 4 ,  
2 4 4 ,  2 5 6 ,  275
G onadal s t e r o i d s ,  157
G onadectom y, s e e  C a s t r a t i o n
G o n a d - i n h i b i t i n g  a c t i v i t y ,  s e e  A n t ig o n a d o t r o p h ic  a c t i o n  
G o n a d o tr o p h ic  h o rm o n es ,  3 9 ,  4 1 ,  4 2 ,  1 1 7 ,  1 9 1 ,  256
365
G ran u lar  e n d o p la s m ic  r e t i c u l u m ,  3 6 ,  3 8 ,  3 9 ,  4 0 ,  41 
G ran u lar  v e s i c l e ,  s e e  D e n s e - c o r e  v e s i c l e  
Growth hormone (GH), 2 3 4 ,  2 3 5 ,  240
Growth hormone r e l e a s i n g  hormone (GnRH), 3 1 5 ,  3 1 9 ,  320
H ab en u lar  c o m p le x ,  4 9 ,  5 1 ,  5 4 ,  60
H a rd er ia n  g l a n d ,  1 7 2 - 1 7 8 ,  2 9 2 ,  2 9 5 ,  2 9 6 ,  297
H e r e d i t a r y  h y p o p i t u i t a r i s m ,  39
Hippocam pus, 2 9 3 ,  2 9 5 ,  298
H is t a m in e ,  293
H om ology, 14
H u m id ity ,  s e e  R a i n f a l l
6 -H ydroxydopam ine (6-OHDA), 2 3 7 ,  2 4 3 ,  257
H y d r o x y i n d o l e s , 2 0 ,  2 1 ,  1 7 0 ,  1 7 7 ,  1 8 7 ,  1 9 7 ,  201
6 - H y d r o x y m e la t o n in , 2 7 9 ,  2 8 0 ,  2 9 2 ,  3 2 0 ,  325
5 - H y d r o x y tr y p ta m in e , s e e  S e r o t o n in
5 -H y d r o x y tr y p to p h a n ,  9 2 - 9 6 ,  1 2 6 ,  1 3 3 ,  1 5 7 ,  2 4 0 ,  297
5 - H y d r o x y t r y p t o p h o l , 2 3 5 ,  320
H y d r o x y in d o le - O - m e t h y l t r a n s f e r a s e  (HIOMT), 1 0 4 ,  1 2 9 ,  133 ,
1 34 ,  1 7 0 ,  1 7 2 ,  1 7 4 ,  1 9 0 ,  1 9 6 ,  1 9 7 ,  2 7 5 ,  2 9 1 ,  2 9 2 ,  2 9 6 ,  334
H y p e r c o r t i s o l i s m ,  331
H y p e r p a r a th y r o id is m ,  331
H y p e r p r o la c t in a e m ia , 40
H yp op h ysec tom y, 3 9 ,  40
H y p o p h y s i s , s e e  P i t u i t a r y
H y p o p i t u i t a r i s m ,  39
H yp o th a la m ic  d e a f f e r e n t a t i o n , 232
H yp o th a la m ic  h o rm o n es ,  167
H yp o th a la m ic  i n j u r y ,  2 3 3 ,  239
H y p o th a la m o -h y p o p h y s ea l  s y s t e m ,  4 2 ,  2 3 1 ,  233
H y p o th a la m o -h y p o p h y s e o -a d r e n a l  a x i s ,  3 2 9 ,  3 3 2 ,  335
H y p o th a la m o -h y p o p h y s eo -g o n a d a l  a x i s ,  3 5 ,  3 8 ,  4 2 ,  2 3 3 ,  2 5 3 ,  254
H yp oth a lam u s, 3 8 ,  7 3 ,  7 6 ,  9 9 ,  1 1 5 ,  1 1 6 ,  2 4 2 ,  2 4 3 ,  2 4 5 ,  2 5 5 ,  
2 5 6 ,  2 7 3 ,  2 7 4 ,  2 7 9 ,  2 8 0 ,  2 8 2 ,  2 9 2 ,  2 9 3 ,  298
I n d o le a m in e s ,  s e e  P i n e a l  i n d o l e s  
I n d o l e  d e r i v a t i v e s ,  s e e  P i n e a l  i n d o l e s
366
I n d o l e  m e t a b o l i s m ,  9 2 ,  9 3 ,  9 4 ,  9 5 ,  9 6 ,  1 02 ,  1 0 4 ,  1 2 5 ,  1 26 ,  
1 2 9 ,  134
I n d o l e r g i c  c e l l s ,  9 4 ,  9 5 ,  100 
I n s u l i n - d e p e n d e n t  d i a b e t e s ,  321 
I n t e s t i n e ,  1 7 2 ,  1 7 4 ,  175 
I n t r a p i n e a l  n e r v e  c e l l s ,  3 4 1 ,  342 
I n t r a p i n e a l  n e u r o p i l ,  343  
I n t r a p i n e a l  t e r m i n a l  f o r m a t i o n s ,  4 8 ,  49 
I o d o p s i n ,  72 
I s o p r o t e r e n o l ,  139
L a n d o l t ' s  c lu b  o f  t h e  r e t i n a l  b i p o l a r s ,  7 2 ,  8 4 ,  85
L ig h t - d a r k  c y c l e ,  2 8 ,  2 9 ,  3 0 ,  1 2 7 ,  1 2 9 ,  1 3 2 ,  1 3 3 ,  1 3 7 ,  155 ,  
1 5 6 ,  1 5 7 ,  1 9 2 ,  1 9 3 ,  1 9 5 ,  196 ,  2 3 7 - 2 4 4 ,  2 5 3 - 2 5 9 ,  2 9 5 ,  2 9 7 ,  
3 0 0 ,  3 1 7 ,  318
L ig h t  p u l s e s ,  1 3 9 -1 4 8
L ig h t  s e n s i t i v i t y ,  9 ,  1 2 ,  13
L ocom otor a c t i v i t y ,  2 3 2 ,  236
L ocus c o e r u l e u s  (Ag c e l l  g r o u p ) , 257
Low m e la t o n in  syndrom e, 333
L u t e i n i z a t i o n - m a i n t a i n i n g  e f f e c t ,  261
L H -surge  2 4 0 ,  2 4 1 ,  2 4 4 ,  2 6 4 ,  319
L u t e i n i z i n g  hormone (LH), 4 1 ,  1 1 5 ,  1 1 6 ,  1 1 9 ,  1 6 7 ,  1 7 6 ,  2 3 4 ,
2 3 9 ,  2 4 0 ,  2 4 4 ,  2 5 3 ,  2 5 5 ,  2 6 4 ,  2 6 5 ,  2 7 9 ,  2 8 2 ,  3 1 9 ,  3 2 3 ,  3 2 4 ,  
325
L u t e i n i z i n g  h o r m o n e - r e l e a s i n g  hormone (LHRH), 3 0 ,  3 8 ,  4 1 ,  9 8 ,
9 9 ,  1 6 7 ,  1 7 6 ,  2 5 5 ,  2 5 6 ,  2 6 3 ,  2 6 5 ,  282
L y so so m e s ,  3 9 ,  41
M a g n et ic  f i e l d ,  1 7 6 ,  177 
M ania, 312
M e c h a n o r e c e p t o r s , 7 1 ,  73
Median em in en ce  (ME), 2 5 5 ,  282
Median f o r e b r a i n  b u n d l e ,  257 
M e la n o p h o r e s , 169
M elanophor s t i m u l a t i n g  hormone (MSH), 9 8 ,  1 6 7 ,  278
M e la t o n in ,  2 0 ,  2 1 ,  2 8 ,  2 9 ,  3 0 ,  3 2 ,  6 2 ,  7 9 ,  9 3 ,  9 9 ,  1 1 8 ,
1 2 6 - 1 3 4 ,  1 3 7 - 1 4 6 ,  1 6 4 ,  1 6 7 - 1 7 8 ,  1 9 1 - 2 0 3 ,  2 1 1 ,  2 2 4 ,  2 3 1 - 2 4 5 ,  
2 5 3 - 2 6 6 ,  2 7 3 - 2 8 5 ,  2 9 1 - 3 0 0 ,  3 1 5 - 3 2 6 ,  3 2 9 -3 3 5
367
M e l a t o n i n
e x t r a p i n e a l ,  1 7 2 ,  173
M e l a t o n i n  a n t i b o d i e s ,  157
M e l a t o n i n  b i n d i n g  c a p a c i t y ,  2 7 5 ,  276
M e l a t o n i n  b i n d i n g  s i t e s ,  s e e  M e l a t o n i n  r e c e p t o r s
M e l a t o n i n  c i r c a d i a n  rhythm,  13 ,  1 55 ,  1 56 ,  1 5 7 ,  2 5 4 ,  3 11 ,
312
M e l a t o n i n  e x c r e t i o n ,  310 ,  3 2 1 ,  3 2 2 ,  3 2 3 ,  3 2 9 ,  3 3 0 ,  33 1 ,
334
M e l a t o n i n  r e c e p t o r s ,  2 5 4 ,  2 5 6 ,  2 7 3 - 2 7 6 ,  2 8 5 ,  2 9 1 ,  2 9 3 ,  2 9 4 ,  
3 0 0 ,  326
Mental  d i s o r d e r s  334
M e t h o x y i n d o l e s , 2 0 ,  2 1 ,  16 3 ,  1 65 ,  1 68 ,  1 7 0 - 1 7 8 ,  1 8 7 ,  1 9 1 ,  197 ,
1 98 ,  1 9 9 ,  2 0 1 ,  2 0 3 ,  2 9 3 ,  299
5 - M e t h o x y i n d o l e - 3 - a c e t i c  a c i d  2 3 5 ,  236 
5 - M e t h o x y t r y p t a m i n e  (MT), 2 3 5 ,  2 3 6 ,  2 8 3 ,  3 1 5 ,  320
5 - M e t h o x y t r y p t o p h a n , 2 3 5 ,  236
5 - M e t h o x y t r y p t o p h o l  (ML), 2 3 5 ,  2 3 6 ,  2 7 9 ,  2 8 0 ,  283
M i d - w i n t e r  i n s o m n i a ,  335
MIF (M SH -r e le as e  i n h i b i t i n g  f a c t o r ) ,  167 
M i t o c h o n d r i a ,  3 9 ,  283
Monoam iner gic  p a t h w a y s ,  2 5 6 ,  2 5 8 ,  264 
Monoaminergic  s y s t e m ,  236 
Monoamine o x y d a s e  (MAO), 2 4 0 ,  273
N e o n a t a l  a n d r o g e n i z a t i o n  (NA),  2 3 2 ,  2 3 3 ,  2 5 5 ,  256
Nervus  c o n a r i i ,  3 4 1 ,  342
Nervus  p i n e a l i s ,  343
N e u r o c h r o n o m e t r i c a l  r e g u l a t i o n ,  5
N e u r o p h y s i n ,  5 4 ,  7 2 ,  7 5 ,  1 12 ,  115
N e u r o s e c r e t o r y - l i k e  p r o c e s s ,  3 5 ,  3 6 ,  3 9 ,  4 0 ,  42
N e u r o t o x i c  l e s i o n ,  2 3 7 ,  2 4 3 ,  2 4 4 ,  2 5 7 ,  2 5 8 ,  2 6 0 ,  2 6 1 ,  262
N e u r o t r a n s m i t t e r s ,  13 ,  1 66 ,  2 3 6 ,  2 4 4 ,  2 5 3 ,  2 5 5 ,  2 5 6 ,  2 6 3 - 2 6 5 ,  
2 8 3 ,  295
N o n - s e a s o n a l  b r e e d e r s ,  232 
N o r a d r e n a l i n e ,  s e e  N o r e p i n e p h r i n e
N o r e p i n e p h r i n e  (NE) , 3 9 - 4 1 ,  5 8 ,  6 3 ,  1 18 ,  12 5 ,  12 6 ,  129 ,
1 3 2 - 1 3 4 ,  1 38 ,  1 3 9 ,  2 5 5 - 2 5 7 ,  2 6 2 ,  2 7 8 - 2 8 2 ,  2 8 5 ,  3 3 3 ,  334
N o r e p i n e p h r i n e r g i c  (NE) s y s t e m ,  2 3 7 ,  2 4 3 ,  2 4 4 ,  2 5 8 ,  2 5 9 ,  2 6 1 ,  
2 6 5 ,  3 3 3 ,  334
368
N y c t o h e m e r a l  rhythm,  233
O b e s i t y  i n d e x ,  330 
O l f a c t o r y  b u l b e c t o m y ,  40 
O l f a c t o r y  s y s t e m ,  2 1 ,  176 
O n to g en y ,  14
O p i o i d  p e p t i d e  s y s t e m ,  334 
O p t i c  s y s t e m ,  12 
Ov ar ia n f u n c t i o n ,  244 
Ov ar ia n h y p e r t r o p h y ,  232 
O v a r i e c t o m y ,  s e e  C a s t r a t i o n
O v u l a t i o n ,  1 56 ,  2 3 2 ,  2 3 3 ,  2 3 5 ,  2 3 9 ,  2 4 0 ,  2 4 2 ,  2 4 3 ,  2 6 2 ,  263 
O v u l a t i o n - i n d u c t i o n ,  2 3 2 ,  2 3 3 ,  2 3 8 ,  2 3 9 ,  2 4 0 ,  2 4 1 ,  262 
O v u l a t i o n - m a i n t a i n i n g  e f f e c t ,  2 4 3 ,  244 
O v u l a t o r y  c y c l e ,  2 3 6 ,  2 3 8 ,  2 4 0 ,  2 4 4 ,  255 
O x y t o c i n ,  3 0 ,  5 4 ,  9 8 ,  1 11 ,  1 12 ,  1 19 ,  166
P a r a t h y r o i d  adenoma,  331 
P a r a t h y r o i d  hormone (PTH), 331
P a r a p i n e a l  o r g a n ,  10 ,  1 1 ,  14
P a r a s y m p a t h e t i c  n e r v e  f i b r e s ,  p r a e g a n g l i o n i c , 3 4 2 ,  343
p o s t g a n g l i o n i c ,  3 4 2 ,  343  
P a r i e t a l  e y e  ( b o d y ) ,  9 ,  10 ,  11 
P e l a g e  c o l o r ,  215
P e p t i d e r g i c  n e r v e  f i b r e s ,  16 6 ,  176 
P e r i p h e r a l  n e r v o u s  s y s t e m ,  3 4 1 ,  342 
P h o s p h o d i e s t e r a s e ,  126 
P h o t i c  i n f o r m a t i o n s , 9 , 1 3
P h o t o n e u r o e n d o c r i n e  s y s t e m s , 12
P h o t o p e r i o d ,  1 3 7 - 1 4 8 ,  1 5 5 ,  1 5 6 ,  157 ,  16 3 ,  16 4 ,  16 9 ,  17 0 ,  1 74 ,  
1 7 8 ,  1 8 7 - 2 0 3 ,  2 1 1 ,  2 1 2 ,  2 1 5 ,  2 2 4 ,  2 3 4 ,  2 7 6 ,  2 9 3 ,  315
l o n g - d a y  p h o t o p e r i o d ,  116 ,  1 90 ,  194 ,  2 3 4 ,  241
s h o r t - d a y  p h o t o p e r i o d ,  116 ,  1 19 ,  1 20 ,  2 1 2 ,  2 1 4 ,  2 1 5 ,  2 1 6 ,  
2 1 9 ,  2 2 2 ,  2 2 3 ,  2 2 4 ,  2 3 4 ,  241
P h o t o p e r i o d i c  s i g n a l ,  211
P h o t o p i g m e n t s ,  14
369
P h o t o r e c e p t o r  c e l l s ,  9 ,  10 ,  1 2 - 1 5 ,  4 7 ,  7 1 - 7 3 ,  7 8 ,  9 2 - 9 6 ,  
9 8 - 1 0 2 ,  2 0 2 ,  275
P i n e a l  c o m p l e x ,  2 7 ,  2 8 ,  2 9 ,  3 0 ,  32 
P i n e a l  c o r t e x ,  31 , 32
P i n e a l - h y p o t h a l a m o - p i t u i t a r y  a x i s ,  3 5 ,  3 8 ,  231
P i n e a l  i n d o l e s ,  1 2 5 ,  1 6 5 ,  1 7 0 ,  177 ,  2 3 5 ,  2 3 7 ,  2 4 6 ,  2 9 1 ,  2 9 5 ,  
2 9 6 ,  3 1 6 ,  320
d i u r n a l  rhythm i n ,  1 7 0 - 1 7 3 ,  191 -199  
P i n e a l  i n n e r v a t i o n ,  4 7 ,  4 8 ,  1 25 ,  3 4 1 ,  342 
P i n e a l  m e d u l l a ,  3 1 ,  32 
P i n e a l  n e r v e  c e l l s ,  60 
P i n e a l ,  o f  p r i m a t e s ,  3 4 1 ,  3 4 7 -3 5 8  
P i n e a l  o r g a n ,  a v i a n ,  13
P i n e a l  p e p t i d e s ,  5 ,  2 0 ,  2 1 ,  1 11 ,  1 19 ,  1 6 5 - 1 6 9 ,  1 7 4 - 1 7 7 ,  191
P i n e a l  p h o t o n e u r o e n d o c r i n e  c e l l s  ( s y s t e m ) ,  9 ,  12 ,  15
P i n e a l  p r o t e i n  a c c r e t i o n ,  97
P i n e a l  s e n s o r y  c e l l s ,  9 ,  1 2 - 1 5 ,  30
P i n e a l  s e n s o r y  c i l i a ,  7 8 ,  79
P i n e a l  s e n s o s e c r e t o r y  e l e m e n t s ,  12
P i n e a l  s i z e ,  1 64 ,  165
P i n e a l  s t a l k ,  52
P i n e a l  tum our,  309
P i n e a l e c t o m y ,  2 7 ,  2 8 ,  4 0 ,  1 5 5 - 1 5 7 ,  1 64 ,  1 6 9 ,  1 7 2 - 1 7 4 ,  2 1 5 ,
2 1 6 ,  2 1 9 ,  2 2 3 ,  2 2 4 ,  2 3 2 ,  2 3 3 ,  2 3 4 ,  2 3 8 ,  2 3 9 ,  2 4 1 ,  2 4 4 ,  2 5 6 ,  
2 7 5 ,  2 7 7 ,  2 7 9 ,  2 9 2 ,  2 9 7 ,  300
P i n e a l o c y t e s ,  9 , 10 , 12 , 13,  15 ,  28-31  , 35 -4 2  , 78 , 9 2 - 9 7  , 104 , 
1 6 7 ,  1 68 ,  2 9 1 ,  2 9 6 ,  3 4 3 ,  344
d i u r n a l l y  a c t i v e ,  29
n o c t u r n a l l y  a c t i v e ,  29
o p s i n  im m u n o r e a c t i v e  and o p s i n  n e g a t i v e ,  7 9 ,  8 0 ,  8 1 ,  8 2 ,  85 
p h o t o n e u r o e n d o c r i n e ,  9 
P i n e a l o f u g a l  p a t h w a y s ,  10 ,  1 3 ,  343 
P i n e a l o p e t a l  p a t h w a y s ,  1 3 ,  343 
P i t u i t a r y ,  2 2 ,  3 9 ,  4 0 ,  1 67 ,  297 
P i t u i t a r y - a d r e n o c o r t i c a l  a x i s ,  3 1 2 ,  331 
P i t u i t a r y  d i s e a s e s ,  331 
P l a t e l e t s ,  291 
P l e x u s  c h o r i o i d e u s ,  3 5 0 ,  354 
P o i k i l o t h e r m s , 1 77 ,  1 88 ,  1 89 ,  1 91 ,  1 92 ,  202
P o r p h y r i n ,  292
370
P o s t e r i o r  c o m m i s s u r e ,  343 
P r a d e r - W i l l i ' s  syn drome,  326 
P r e c o c i o u s  p u b e r t y ,  3 0 9 ,  3 1 6 ,  3 2 1 ,  326 
P r o g o n a d o t r o p h i c  a c t i o n ,  2 3 2 - 2 3 4 ,  2 5 7 ,  264
P r o l a c t i n ,  3 9 - 4 2 ,  1 1 5 - 1 1 7 ,  15 6 ,  16 7 ,  17 6 ,  2 3 4 ,  2 4 0 ,  2 9 7 ,  
3 2 3 - 3 2 5 ,  3 3 1 ,  333
P r o l a c t i n  c e l l s ,  40
P r o s t a g l a n d i n s ,  13 4 ,  2 7 3 ,  2 8 1 ,  2 8 2 ,  285 
P r o t e i n a c e o u s  m a t e r i a l  i n  p i n e a l ,  36 
P t e r i d i n e s ,  2 0 ,  21
P u b e r t a l  d e v e l o p m e n t ,  3 1 1 ,  3 1 2 ,  330 
P u b e r t a l  r a t i n g ,  312 
P u b e r t y ,  3 1 5 ,  3 1 8 ,  3 2 4 ,  3 2 5 ,  330 
i n  human, 3 0 9 ,  3 1 0 ,  3 2 0 ,  323
R a i n f a l l ,  16 3 ,  16 5 ,  18 7 ,  18 8 ,  2o3
Raphe n u c l e i ,  3 0 ,  2 3 6 ,  2 3 7 ,  2 4 3 ,  2 4 4 ,  2 5 6 ,  2 5 7 ,  265
d o r s a l  raphe  (DR) n u c l e u s  (B7 c e l l  g r o u p ) ,  2 3 7 ,  2 3 8 ,  2 4 3 ,  
2 5 7 ,  2 5 8 ,  2 5 9 ,  2 6 0 - 2 6 3
median raphe  (MR) n u c l e u s  (B„ c e l l  g r o u p ) ,  2 3 7 ,  2 3 8 ,  2 4 3 ,  
2 5 7 - 2 6 3
R e c e p t o r  r e g u l a t i o n ,  312
R e c e s s u s  s u p r a p i n e a l i s , 3 5 0 ,  3 5 4 ,  357
R e p r o d u c t i o n ,  5 ,  2 1 ,  3 1 ,  4 2 ,  1 55 ,  1 56 ,  157
R e p r o d u c t i v e  c y c l i c i t y ,  1 8 9 - 1 9 1 ,  2 3 2 ,  2 3 3 ,  2 3 7 ,  238
R e p r o d u c t i v e  f u n c t i o n ,  2 3 1 ,  2 3 2 ,  2 3 4 ,  2 3 5 ,  2 4 0 ,  2 4 5 ,  2 5 3 ,  264 ,  
315
R e p r o d u c t i v e  s y s t e m ,  4 0 ,  1 6 9 ,  1 70 ,  276
R e t i n a ,  8 4 ,  1 2 5 ,  1 5 5 ,  1 7 2 - 1 7 3 ,  2 0 2 ,  2 7 5 ,  2 9 1 ,  2 9 2 ,  2 9 6 ,  2 9 7 ,  
300
R e t i n o - h y p o t h a l a m i c  p a thw ay ,  1 5 5 ,  254 
R h o d o p s in ,  77 
Rods and c o n e s ,  78
S e a s o n a l  r e p r o d u c t i o n ,  1 63 ,  1 65 ,  1 72 ,  1 7 6 ,  178 ,  1 8 7 - 1 9 1 ,  
19 7 -2 0 3
S e a s o n a l  rhythm ( p i n e a l ) ,  1 7 1 ,  192-201  
Second m e s s e n g e r s ,  2 7 3 ,  2 7 4 ,  2 8 4 ,  285
371
S e c r e t o r y  g r a n u l e s ,  40 
S e c r e t o r y  p r o c e s s ,  36 
S e r o t o n e r g i c  f i b r e s ,  3 0 ,  56
S e r o t o n e r g i c  (HT) s y s t e m ,  2 3 7 ,  2 3 8 ,  2 4 2 ,  2 4 4 ,  2 4 5 ,  2 5 3 ,  2 5 6 ,  
2 5 7 ,  2 6 1 ,  2 6 3 ,  2 6 4 ,  265
S e r o t o n i n  (5 -H T ) ,  2 1 ,  2 9 ,  3 0 ,  5 6 ,  7 2 ,  7 6 ,  7 7 ,  7 9 ,  9 2 - 9 6 ,
1 2 5 - 1 2 7 ,  1 29 ,  1 3 1 ,  1 3 7 - 1 3 9 ,  1 6 6 - 1 7 0 ,  174 ,  17 7 ,  17 8 ,  19 1 ,
1 96 ,  1 97 ,  2 0 3 ,  2 3 8 - 2 4 4 ,  2 5 6 ,  2 5 7 ,  2 6 4 ,  2 9 1 - 3 0 0 ,  320
S e r o t o n i n  r e c e p t o r s ,  273
S e x u a l  d e v e l o p m e n t ,  3 0 9 ,  3 1 6 ,  3 2 0 ,  325
S e x u a l  (g o n a d a l )  ho rm o n es ,  4 1 ,  1 75 ,  176
S e x u a l  m a t u r a t i o n ,  2 0 0 ,  2 0 1 ,  3 0 9 ,  3 1 7 ,  3 2 0 ,  322
S c h i z o p h r e n i a ,  3 3 3 ,  334
S l e e p - i n d u c i n g  e f f e c t ,  335
S l e e p  o r g a n i z a t i o n ,  2 3 2 ,  277
S l e e p - w a k e  c y c l e ,  2 3 6 ,  3 3 4 ,  335
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